Applications of Nuclear Magnetic Resonance and Ion Beam Analysis for the Investigation of Cement-Mortar. by Chowdhury, Alimul Islam.
Applications of Nuclear
Magnetic Resonance and 
Ion Beam Analysis for the 
Investigation of Cement-
Mortar
By 
Alimul Islam Chowdhury
A thesis submitted to the School of Physical Sciences 
at the University of Surrey 
for the degree of Doctor of Philosophy
Department of Physics 
University of Surrey
2001
© Copyright Alimul Islam Chowdhury
ProQuest Number: 13803859
All rights reserved
INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.
In the unlikely event that the author did not send a com p le te  manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.
uest
ProQuest 13803859
Published by ProQuest LLC(2018). Copyright of the Dissertation is held by the Author.
All rights reserved.
This work is protected against unauthorized copying under Title 17, United States C ode
Microform Edition © ProQuest LLC.
ProQuest LLC.
789 East Eisenhower Parkway 
P.O. Box 1346 
Ann Arbor, Ml 48106- 1346
ABSTRACT
Reinforced concrete is an important material in the building industry but its durability is 
limited mainly due to corrosion o f  the steel reinforcement. In almost all cases, 
degradation o f  concrete is ultimately related to the presence o f  water and the transport o f  
dissolved ions, particularly chloride, through the capillary pore network o f  the cement 
paste. Conventional characterisation techniques are often inadequate for producing 
reliable information to assess degradation, protection and repair o f  concrete. Alternative 
characterisation techniques are therefore urgently required and the research described 
here is in response to that requirement. This thesis describes how Nuclear Magnetic 
Resonance (NMR) and Ion Beam Analysis (IBA) techniques have been developed to 
investigate cement-mortar.
The NM R techniques employed are both quantitative and non-destructive. It is 
shown how NM R relaxation analysis can be used to deduce the pores size distribution o f  
cement mortar based on the surface relaxation and fast diffusion model. NM R  
techniques can be used to gather time series information from any single sample. It is 
explained how information can be acquired about both capillary and gel pores_, 
simultaneously. NM R imaging (specifically SPRITE) has been used to measure water 
transport in-situ through cement-mortar samples. Results are also presented assessing 
the application o f  both liquid phase hydrophobic silane treatment and for the first time 
vapour phase hydrophobic silane treatment on cement-mortar.
Ion beam analysis has been applied to simultaneously measure chloride and water 
content in cement-bound samples. IBA results show how the transport o f  chloride and 
water are related in cement-mortar made with different binder compositions including 
Portland Cement (PC), Ground Granulated Blastfurnace Slag (GGBS), and Pulverised 
Fuel Ash (PFA). The three ion beam analysis techniques that have been described in this 
thesis, which have been used for the study, are the particle induced X-ray emission 
(PIXE), nuclear reaction analysis (NRA) and Rutherford backscattering (RBS) 
techniques. For the first time, results have been presented to show simultaneously 
acquired profiles o f  water, chloride and calcium in cement-mortar.
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CHAPTER 1
INTRODUCTION TO 
CEMENT-BOUND 
MATERIALS AND 
CONCRETE 
DURABILITY
1.1 INTRODUCTION
Reinforced concrete is one of the most widely used constmction materials because it has proved 
to be successful in terms of both structural performance and durability, in comparison to other 
building materials. Significant financial commitment are required before large-scale concrete 
structures, for example bridges can be built. Concrete bridges have been built during the past 
few decades with the specification that they are durable for at least 120 years. However, in many 
cases it has been shown that these structures have deteriorated within a few decades, due to 
corrosion of the steel reinforcement. The time taken for repairing damaged structures causes a 
lot of public inconvenience and the annual cost for the repair of damaged concrete structures is 
greater than the cost for new constructions.
In almost all cases, degradation of concrete is ultimately related to the presence of water 
and the transport of dissolved ions, particularly chloride, through the pore network of the cement
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paste. The durability of concrete can be improved so that it meets the required specifications, by 
applying suitable protection to the steel reinforcement. Conventional characterisation techniques 
are often inadequate for producing reliable information to assess degradation, protection and 
repair of concrete. This thesis is in response to the urgent requirement to measure, characterise 
and understand water and associated ion transport on the microscopic scale through different 
cement-bound materials.
After preliminary studies [1.1, 1.2] carried out on cement pastes, it was suggested 
Nuclear Magnetic Resonance (NMR) and Ion Beam Analysis (IBA) could prove to be very 
powerful tools for investigating porous building materials. NMR and IBA are both quantitative 
and non-destructive techniques. This thesis describes how NMR and IBA techniques have been 
developed to investigate cement-mortar. By studying cement-mortar, a good model for 
understanding concrete can be produced. Remedies to prevent concrete degradation by stopping 
water and ion transport through concrete are also proposed and assessed.
Chapter 1 in this thesis introduces cement-bound materials and explains some of the 
factors that can influence the durability of concrete. The chemical process for chloride induced 
corrosion of the steel reinforcement is also briefly described in chapter 1.
Deterioration of concrete can occur after the transport of deleterious substances through 
the capillary-pore network. Chapter 2  presents the necessary background information required 
to understand fluid transport through porous materials.
Chapter 3 describes the relevant NMR theory required to understand the techniques, 
applied for investigating cement-mortar. The NMR relaxation rate measurement results are 
explained in Chapter 4. The NMR relaxation rate measurements are correlated to size- 
distribution and connectivity of the capillary-pores in cement-mortar, which is ultimately related 
to the penetrability of the material. Chapter 5 describes NMR imaging, which has been used to 
measure water sorption through cement-mortar samples that have been both treated and 
untreated with protective hydrophobic silane. Results are shown to assess the efficacy of liquid 
and vapour hydrophobic silane treatment on different types of mortar.
Ion beam analysis can be applied for simultaneously measuring chloride and water in 
cement-mortar. Chapter 6  introduces IBA theory and gives a description of the IBA 
instrumentation. The IBA results in Chapter 7 show how the transport of chloride and water are 
related in cement-mortar made with different binder compositions including OPC, GGBS and 
PFA.
Chapter 8 gives a summary of the conclusions drawn from the work presented in this
thesis.
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The purpose of this chapter is to introduce cement-bound materials and define terms, 
hence, facilitate discussion in subsequent chapters of this thesis. Section 1.2 explains the 
difference between cement, mortar and concrete by briefly describing the manufacture, 
composition and properties of these materials. In the manufacture of concrete it is important to 
take into consideration the moisture absorbency of the aggregate used, this is explained further in 
section 1.3. The moisture absorbency of sand is calculated in section 1.4. Understanding the 
reasons for the deterioration of concrete is crucial for optimising the durability of concrete. 
Section 1.5 briefly explains how reinforced concrete deteriorates and section 1.6 describes some 
of the methods presently used to improve the durability of reinforced concrete.
1.2 THE BASICS ABOUT CEMENT, MORTAR 
AND CONCRETE
Cement is a material with adhesive and cohesive properties, which allows solid bodies called 
aggregate to be bound together into a compact whole. A cement material can be either organic 
polymer based or it can be inorganic. Organic polymer based cements have been used for 
example as binders of aggregate in rapidly hardening patching material for damaged roads and 
bridge decks but their use is limited because they are very expensive compared to inorganic 
cements. This thesis will concentrate only on inorganic cement as it is used for manufacturing 
reinforced concrete. The most common type of inorganic cement used is Portland cement class 
42.5, according to the European standard ENV 197, which was formally known as Ordinary 
Portland cement. In this thesis, Ordinary Portland Cement (OPC) will be used to mean Portland 
cement class 42.5. It is possible to replace a significant fraction of OPC with a second 
constituent and the resulting cement is called composite or blended cement. Pulverised Fuel Ash 
(PFA) and Ground Granulated Blastfurnace Slag (GGBS) have often been used as the second 
constituent to replace some fraction of the Pordand cement.
Portland cement is produced using a mix of compounds including calcium carbonate 
(CaCOa), silica (Si0 2 ), alumina (AI2O3) and ferric oxide (Fe2 0 3 ). The calcium carbonate is 
obtained from limestone or chalk while the silica, alumina and ferric oxide are obtained from clay 
or shale. The raw materials for Portland cement are mixed in the correct proportions, and heated 
to remove water and CO2 (calcinating at 800°C). The resulting products are then fired at 1300°C 
- 1450°C in a rotary kiln until the material sinters (partly melts) and fuses into balls up to 25 mm 
diameter, which is known as clinker. The clinker is cooled to 60°C - 150°C and ground to a fine 
powder with the addition of gypsum to control the setting time. The final product is known as 
Portland cement. The colour of Portland cement is grey due to its iron content, which originates 
from the clay. Portland cement that is manufactured in the U.K. must comply with British
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standard BS:12 . Table 1.2:1 shows the oxide composition of the Portland cement used in the 
experiments described in this thesis.
Coal burning power stations produce exhaust gases and ash as waste products. 
Pulverised Fuel Ash (PFA), which is also called fly ash, can be removed from the exhaust gases 
then collected using electrostatic precipitators. PFA is mainly composed of glass-like particles, 
which originate from the clay minerals that were present in the pulverised coal employed. The 
PFA used in the U.K. today, for concrete manufacture must comply with British standard 
BS3892. The oxide composition of the PFA used in the experiments is given in table 1.2:1.
During the production of iron in a blast furnace, siliceous and aluminosilicate impurities 
are removed in the form of a liquid slag at a temperature of about 1500 K. Rapidly cooling the 
slag, using a method of mechanical granulation makes a material with a high content of glass, 
which after grinding produces Ground Granulated Blastfurnace Slag (GGBS). The GGBS used 
in the U.K. today, for concrete manufacture must comply with British standard BS6699. The 
oxide composition of the GGBS used in the experiments is also given in table 1.2:1.
Oxide tOPC composition by 
% mass
*PFA composition by 
% mass
*GGBS composition by 
% mass
CaO 64.0+0.1 1.49 ±0.01 40.21+0.01
Si02 19.8+0.1 51.70+0.01 35.61+0.01
AI2O3 5.0+0.1 25.19+0.01 12.21±0.01
Fe203 2.6+0.1 8.99+0.01 0.80+0.01
MgO 1.0±0.1 1.43+0.01 8.80±0.01
SO3 3.2+0.1 - -
Na20 0.13+0.01 1.57±0.01 0.16+0.01
k2o 0.72+0.01 3.61±0.01 0.46±0.01
Mn3C>4 - 0.05+0.01 0.46+0.01
Mn2C>3 0.06+0.01 - -
Other (less 
important) oxides
3.5+0.1 6.0+0.1 1.3+0.1
Table 1.2:1. Oxide composition of OPC, PFA and GGBS.
Wata obtained from Blue Circle Industries PLC [1.3])
^Data obtained using XRF analysis from CERAM Research Limited [1.4].
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When reporting chemical analysis of cements it is customary to use a shorthand known as the 
“cement chemist’s notation” where single letters replace the usual oxide formulae as shown in 
table 1.2 :2 . For example, tricalcium silicate CaaSiOs is equivalent to 3CaO + SiCh, hence, it can 
be written using the cement chemist’s notation as C3S.
Symbol C S A F H N K S M C
Oxide CaO Si02 AI2O3 Fe2 0 3 H20 Na2Q K20 SO3 MgO CO2
Table 1.2:2. Cement Chemist's Notation
There are four major compounds in Portland cement, they are Tricalcium Silicate (C3S), 
Dicalcium Silicate (C2S), Tricalcium Aluminate (C3A) and Tetracalcium Aluminoferrite (C4AF). 
In the presence of water these compounds can undergo both hydration (addition of water 
molecules) and hydrolysis (chemical reaction with water molecules). For convenience, both 
hydration and hydrolysis of cement will be termed as hydration in this thesis. The two calcium 
silicates, C3S and C2S are the main compounds in cement that govern the physical behaviour of 
cement during hydration [1.5]. Cement develops strength primarily by the hydration of C3S and 
C2S. The products of the reaction are calcium hydroxide and calcium silicate hydrate. The 
reactions of C3S and C2S with water can be approximately described by the following equations;
2C3S + 6H  —» C3S2H 3 + 3CH (Medium rate of reaction)
2C2S + 4H —> C3S2H 3 + CH (Slow rate of reaction)
The hydration of cement is an exothermic process, which means heat is released during the 
process.
The products of cement hydration have a low solubility in water and form a paste 
consisting of crystals that are collectively called “gel”. The gel includes the crystalline calcium 
hydroxide and the calcium silicate hydrate precipitates and the particles are held together by both 
chemical bonds and intermolecular Van-der-Waals forces. Interstitial spaces between the 
surfaces of the gel particles are called gel pores. With time, the products of hydration precipitate 
to form a rigid and hard mass, which is called the cement paste. Gel pores in cement paste are
approximately 20  A to 30 A, which is about one order of magnitude greater than the size of 
water molecules.
Although the greatest amount of hydration takes place within a few days of mixing 
cement with water, hydration may continue over several years and during that time the cement
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paste develops compressive strength and hardens. Hardened cement paste consists of; (1) gel, (2) 
unhydrated cement, (3) residue water in capillary pores, (4) empty capillary pores. The hydration 
products have a smaller volume than the sum of the initial volume of cement particles and 
volume of water. During hydration, a volume reduction occurs that produces empty voids 
distributed throughout the cement paste, which are called capillary pores. Capillary pores are 
larger than gel pores and they have a large range in size, between about 100 A to 10000 A. In 
this thesis, the term “pores” will be used to mean both capillary pores and gel pores.
Neat paste, produced simply by mixing cement with water is not usually used for 
construction work because it is too expensive and too much heat may evolve during hydration, 
causing micro-cracks to appear in the structure. Cement is used to bind together aggregate such 
as sand and gravel into a dense mass. Aggregate occupies most of the volume in concrete and 
the use of aggregate is desirable because it is cheaper than cement. More importantly, aggregate 
contributes to the stability and durability of the composite material. If the maximum size of the 
aggregate used is 10 mm or greater then, the cement-bound material is called concrete. Often 
steel bars are embedded inside the concrete to give greater tensile strength to the material, which 
is then called reinforced concrete. On the other hand, if the maximum size of the aggregate 
bound by the cement is 5 mm or less then resulting material is usually called mortar. The 
properties of mortar are very similar to the properties of concrete, so any models developed 
using mortar samples, can also to a good first approximation, be used for concrete. Mortar 
samples of the appropriate size and shape can be manufactured using sand cement and water in 
the laboratory. All the experiments that are described in this thesis are using mortar samples 
rather than concrete.
Duff Abrams in 1919 showed the compressive strength of concrete, f, when fully 
compacted, depends only on the free water/cement ratio, w /c, for given cement, method of test 
and age of the concrete. Abram’s rule can be expressed by equation 1.2 :1, where ki and k2 are 
empirical constants [1.5].
f  k,  U :1
f c W / c
Ideally, the strength of concrete would increase with decreasing w /c  ratio as predicted by 
Abram’s law. In practice, full compaction is not possible when the w /c  cement ratio becomes 
too low and then Abram’s rule becomes void [1.5]. The actual w /c  ratio at which Abram’s rule 
becomes void is dependent on the means of compaction used during the manufacture of the 
concrete. At very low values of w /c  ratio, poor compaction of the fresh concrete mix causes the 
compressive strength of the concrete to become very low. For a given method of manufacture 
of the concrete and for a fixed cement content, the degree of compaction is proportional to the 
workability of the concrete mix, which is inversely proportional to the w /c  ratio. In practice,
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both the w /c  ratio and the workability of the fresh concrete mix influence the strength of the 
concrete at later ages. When the w /c  ratio of the concrete is very low and the cement content is 
very high, stresses in the material can be induced by shrinkage. The restraint of shrinkage by 
aggregate particles in the concrete can cause micro-cracks in the cement paste or cause a loss of 
the cement-aggregate bond. Investigating the influence of w /c ratio on the porosity and 
penetrability of concrete is therefore very important because it is expected when there is a 
deviation from Abram’s law the penetrability of the concrete will be very high.
1.3 MOISTURE ABSORBENCY OF 
AGGREGATE
Aggregate particles contain pores. The pore sizes of aggregates vary widely but they are larger 
than gel-pores [1.5]. Water can easily enter aggregate particles, the extent of penetration 
depending on the size, continuity and total volume of the pores. When the pores in an aggregate 
are full of water but no excess water exists on the outer surface, it is said to be in the saturated, 
surface dry condition. If the aggregate is exposed to dry air, some of the water in the pores will 
evaporate and the aggregate will be less than fully saturated, hence, it is referred to as air-dry. 
Prolonged drying of the aggregate in an oven at very high temperature would reduce the water 
within the pores further, until no moisture is left in the aggregate, which is called bone-dry.
The sand used for manufacturing the mortar samples was air-diy. It is important to know 
how much of the water in the mortar mix is absorbed by the aggregate and how much water will 
be available to react with the cement. The method used for deducing the moisture absorbency of 
the sand that was used to manufacture the mortar samples, is described in the next section.
1.4 MEASUREMENT OF THE MOISTURE 
ABSORBENCY OF SAND
A sample of sand {1.18 mm down Thames Valley river sand} was placed in an aluminium tray 
and dried in an oven at 110 °C for 24 hours so that the sand was bone-dry. The sample of sand 
was weighed before and after drying in the oven and table 1.4:1 shows the mass of the (first 
sample) sand and (first sample) bone-dry sand.
A sample of the bone-dry sand was saturated with distilled water and then dried again, 
but this time with a hairdryer, until it acquired a distinctive matt appearance. The matt 
appearance of the sand indicated it was saturated surface dry. An attempt to make a sandcastle 
using a metal conical failed and this was an additional test, which confirmed the sand was
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saturated surface dry. The (second) sample of sand when bone-dry and when saturated surface 
dry was weighed and these masses are shown in table 1.4:1.
The moisture content in saturated surface dry sand relative to the sand used in the 
mortar mix is 1.47 %. The mass of water that will be absorbed by x grams of sand {1.18 mm 
down Thames Valley river sand} is therefore 0.0147% grams. For example, if mortar samples are 
made by mixing sand {150 g, 1.18 mm down Thames Valley river sand}, cement {50 g} and 
water {25 g} then the mass of water absorbed by the sand will be 2.21 g, hence, the free 
water/cement ratio will be 0.46.
Mass of sand in first sample. 410.445 ± 0.005 g
Mass of bone-dry sand in first sample. 409.485 ± 0.005 g
Mass of saturated surface dry sand in second 
sample.
407.055 ± 0.005 g
Mass of bone-dry sand in second sample. 401.127 ± 0.005 g
% Moisture in sand relative to bone-dry sand. 100 (^410.445 -  409.485)/409.485 = 0.234 ± 0.003
% Moisture in saturated surface dry sand 
relative to bone-dry sand.
100*(407.055 -  401.127)/401.127 = 1.478 ± 0.003
% Moisture in saturated surface dry sand 
relative to sand.
100>i'(0.01478/1.00234) = 1.47 ± 0.02
Table 1.4:1. The mass and relative moisture content of sand at the different stages of the 
sand absorbency test.
1.5 CONCRETE DETERIORATION
1.5.1 A N  OVERVIEW OF THE PROBLEM
Concrete structures such as bridges, tunnels and buildings require large financial commitment 
and represent an immense capital investment for a country hence they are built with the intention 
to last for hundreds of years. For example the current bridge design standard, BS5400 [1.6], 
specifies that the bridge should have a life time of 120  years with regular but minimal 
maintenance and repair. In practice, many of the reinforced concrete bridges that were built 
between 1960 and 1970 have required major and very expensive maintenance within only a few 
decades. The repair of reinforced concrete bridges alone currently costs the U.K. about £550 
million each year [1.7].
1.5.2 INITIATION AND PROPAGATION OF STEEL 
CORROSION
Most cases of premature failure of reinforced concrete occur because of corrosion of the steel 
reinforcement (rebar). While concrete is hydrating, a solution of alkali hydroxides and alkaline 
earth hydroxides is produced in the pores. This solution has a characteristic pH-value between 
12.5 and 13.5. Consequently, steel in reinforced concrete is normally protected by a thin oxide 
layer, y-Fe20 3 , which develops due to the high pH of the pore solution [1.5,1.8]. The y-Fe20 3  
molecules covering the steel do not react very readily with the oxygen and water molecules in the 
cover concrete, which means the steel is expected to remain corrosion free for many years. 
Unfortunately, chloride attack and carbonation of the cover concrete leads to removal of the 
passive oxide layer covering the steel. If oxygen and water are present in sufficient quantity 
where the passive layer has been destroyed then the steel begins to corrode. The moisture 
content of the concrete is the main parameter controlling the rate of the corrosion process [1.9]. 
When the concrete is dry, the corrosion often drops to negligible values and increases when the 
humidity increases.
The deterioration of concrete can be divided into the initiation stage and the propagation 
stage. The initiation stage ends when the passivity layer of the concrete reinforcement is
removed. The propagation stage is the period when the cross section of the steel reinforcement 
is reduced due to the actual corrosion process. It is important to find methods of achieving a 
long initiation stage because corrosion intrusion affects the middle and long term safety and 
usage of the concrete structures. Once the steel depassivates because of the action of chlorides 
or the pH drop induced by carbonation, the corrosion process starts to develop.
Once the steel loses its passivity, corrosion starts to occur because water and oxygen are 
normally present. Corrosion starts with Fe oxidising to Fe2+. The chemical reaction for the start 
of corrosion of steel can be described by the equation below, which shows the formation of 
Ferrous hydroxide.
2  Fe + O2 + 2  H20  —» 2  Fe(OH)2
The Fe2+ further oxidises to Fe3+, producing Ferric hydroxide.
4 Fe(OH)2 + 0 2 + 2 H20  —> 4 Fe(OH)3
The reaction products from corrosion processes are greater in volume than the steel that has 
corroded. This leads to hydrostatic stress around the rebar and then because concrete is weak in 
tension cracks propagate from the vicinity of the steel, finally resulting in splitting of the 
concrete.
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1.5.3 CHLORIDE ATTACK
The dominating cause for the most severe deterioration of concrete bridges in the U.K. is due to 
reinforcement corrosion induced by chloride ions originating from de-icing salt [1.10, 1.11 , 1 .12]. 
The surfaces of concrete structures are frequently in contact with chloride salt solution, which 
usually occurs due to spray thrown up by vehicles and for bridges the salt water is due to run-off 
from leaking deck expansion joints. Chloride ions dissolved in the water, penetrates through the 
concrete cover and eventually the chloride concentration becomes high enough to cause 
depassivation of the steel reinforcement, leading to corrosion of the steel and spalling of the 
concrete. With reinforced concrete structures built before 1974, CaCl2 was used as a set 
accelerator, which means chloride ions were present in the cover concrete even when the 
structure was being built. Hence, a large number of concrete structures built prior to 1974 have 
deteriorated within a very disappointingly short period.
Corrosion of the steel reinforcement is initiated when the chloride concentration reaches 
a certain critical value. The critical chloride concentration is not accurately known but it is 
estimated to be about 0.1-0.4% chloride by mass of cement. After the critical concentration is 
reached, chloride ions can cause rapid depassivation of the steel surface regardless of the pH of 
the surrounding concrete [1.13]. The chloride ions exchange with y-Fe2 0 3  on the steel surface, 
hence, corrosion proceeds.
Fe++ + 2Cl~ —> FeCh
FeCl2 + 2HiO -> Fe(OH)2 + 2HC1
4 Fe(OFl)2 + 0 2 + 2  H20  —> 4 Fe(OH)3
1.5.4 CARBONATION
Carbonation occurs after C 0 2 gas from the atmosphere diffuses through the pores of the 
concrete cover and dissolves in water to form carbonic acid. The acid reacts with the alkaline 
hydroxide solution in the pores to form a neutral solution, mainly calcium carbonate, CaCCb. 
The pH of the solution surrounding the steel then decreases to a value of about 9-10, hence, 
leading to depassivation of the steel [1.14].
1.6 METHODS FOR IMPROVING CONCRETE 
DURABILITY
There are three main methods used for improving the durability of reinforced concrete, which 
include increasing the cover to reinforcement, reducing the penetrability (see section 2.1  for 
definition), and treating the steel reinforcement.
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1.6.1 INCREASING DEPTH OF CONCRETE COVER
Increasing the depth of concrete cover may improve protection from chloride attack and 
carbonation because the attacking species would have to travel a longer distance reach the 
vicinity of the steel reinforcement. On the other hand, if the depth of cover is too great then 
there is a high possibility that the concrete will crack at the surface, hence, simply increasing the 
depth of concrete cover around the steel reinforcement does not necessarily reduce chloride- 
induced corrosion. Even with 75 mm of good quality concrete cover, there have been cases of 
corrosion in the reinforcing bars within 2 0  years of exposure to chlorides [1.12].
1.6.2 DECREASING THE CONCRETE PENETRABILITY
The penetrability of concrete is dependent on the capillary pore structure. If the capillary pores 
are connected the penetrability is higher than if the capillary pores are closed or with narrow 
openings. The main parameters that can change the penetrability of concrete include the number 
of days of curing, moisture loss during curing and the initial water/cement ratio [1.15, 1.16]. To 
minimise the penetrability of concrete it is important to use the correct water/cement ratio.
Reducing the water/cement ratio may reduce the penetrability of the concrete. The 
water/cement ratio can be reduced by either increasing the cement content or by decreasing the 
water content. If the cement content is too high there is a risk that the heat evolved during 
hydration may cause cracking. On the other hand, if the water content is too low then the 
workability will be poor, making placing and compaction difficult. A careful balance needs to be 
found for the water/cement ratio. Additives such as plasticisers, superplasticisers, air entraining 
agents or microsilica introduced into the concrete mix helps to minimise the water/cement ratio
[1.17]. Plasticisers and superplasticisers allow sufficient workability of the concrete even with 
lower water content and so a lower water/cement ratio can be achieved without the problem of 
excessive heat being produced [1.18]. Air entraining agents can be used to retain minute air 
bubbles in the concrete, which improves the workability of the concrete and allows a small 
reduction in the water/cement ratio [1.19]. All the above mentioned additives adds to the cost of 
the concrete but the improvement made to the concrete permeability is not significant enough to 
prevent corrosion of the steel reinforcement.
A cheaper and possibly more effective alternative to additives that has been used widely in 
recent years to reduce the penetrability of concrete, involves replacing the OPC cement with 
PFA or GGBS [1.20, 1.21]. It has been suggested [1.22-1.24] that PFA and GGBS improve 
resistance to chloride ion penetration. Microsilica can be used as an additive to make the 
concrete harder and slightly less penetrable [1.25].
Chloride ions entering concrete from the environment can be in a free state, in a weakly 
bound state or in a strongly bound state [1.26, 1.27]. The rate of chloride ingress through the
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concrete is influenced by the state of the chloride ions and only the free chloride ions are 
available for corrosive reaction with steel [1.28]. The capacity of cement to bind chloride is an 
important factor in chloride penetrability. Chloride ions can be in the weakly bound state if they 
are adsorbed on the pore walls of the cement hydrates [1.29]. It has been suggested that the 
number of adsorbed chloride ions is mainly dependent on the surface area [1.30] and nature 
[1.31] of the cement hydrates. Chloride ions can be in the strongly bound state after chemical 
bonding with the compound Tricalcium Aluminate (C3A) to form Calcium CUoroaluminate 
pCaOAkCb.CaCk. IOH2O) which is also referred to as Friedel’s salt [1.32, 1.33]. Chloride ions 
can also chemically bind with the cement compound, Tetracalcium Aluminoferrite (C4AF) to 
form Calcium Chloroferrite (3CaO.Fe2O3.CaCl2.10H2O). It has been shown that with greater 
amounts of C3A and C4AF available, there will be greater chloride binding. It is worth 
mentioning here, cement-bound materials with high concentrations of C3A decreases 
deterioration due to Cb ions but increases deterioration due to attack by sulphate ions. Dissolved 
sulphate ions directly attack calcium aluminate phases [1.34], which leads to expansion and 
cracking of the cover concrete [1.35]. Cements containing PFA and GGBS are regarded to be 
chloride binding because they contain high concentrations of reactive metals such as alumina 
[1.36, 1.37], hence, there has recently been much research in PFA and GGBS blended cements.
It is possible to reduce the penetrability of concrete by coating or treating the surface of 
the concrete. There are many different types of surface treatments available including coatings 
such as acrylic resin or impregnations such as hydrophobic silane and siloxanes [1.38]. In the 
case of silane and siloxanes, the molecules penetrate the surface of the concrete forming a water 
repellent but vapour permeable barrier [1.39]. It is recommended that surface treatments such as 
silane and siloxanes are re-applied after every 10 years to ensure minimal penetrability of the 
concrete surface to water and dissolved chloride ions [1.40]. The effect of the hydrophobic 
coating must last for a sufficient number of years for cost effectiveness but unfortunately, the 
hydrophobic effect can be broken down by U.V. light. To this end, it is essential that a 
sufficiently deep layer of concrete is hydrophobic. Even sprayed or painted coatings of 
polyurethane or acrylic, which form a membrane on the concrete surface, need regular re­
application to ensure the required efficacy and appearance. Surface treatments are generally very 
expensive, relative to increasing the cover or using admixtures. Another drawback is that access 
to the concrete surfaces for re-treatment may not always be possible.
1.6.3 PROTECTION OF THE STEEL
There are several different methods for protecting the steel reinforcement to prevent its 
corrosion including coating with fusion bonded resin, galvanising and cathodic protection. If the 
steel reinforcement is protected then the chances of corrosion is small even if chloride ions do 
penetrate the concrete cover. All steel protection methods are expensive and there is also
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uncertainty regarding the long-term effectiveness of steel protection. For example, coating the 
steel with fusion bonded resin is prone to anode formation at defects.
1.7 CONCLUSIONS
Reinforced concrete is an important material in the building industry but its durability is limited 
mainly due to corrosion of the steel reinforcement. To optimise the lifetime of concrete and 
reduce maintenance costs it is necessary to find effective and economical solutions to minimise 
concrete reinforcement corrosion. Chloride attack and carbonation commonly induce steel 
reinforcement corrosion. The rate of carbonation and chloride attack are functions of cement 
chemistry, cement content, porosity of concrete, and exposure conditions, which are factors that 
control the pore micro-structure hence the rate of CO2 and Cb penetration through the concrete. 
The rest of this thesis will be about the penetrability of concrete to water and chloride ions. The 
thesis will explain how NMR and IBA can be used to investigate concrete microstructure and 
assess the methods recommended for decreasing the penetrability of concrete.
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CHAPTER 2
INTRODUCTION TO 
FLUID TRANSPORT 
THROUGH POROUS 
MATERIALS
2.1 INTRODUCTION
A porous material is one that contains cavities or voids. Important building materials such as 
concrete and cement-mortar are porous and therefore it is necessary to understand the various 
mechanisms by which fluid transport can occur through them. The durability of concrete, which 
is explained in Chapter 1, is dependent on the ease by which fluids, including liquids and gases 
can enter into and move through the material. Fluids that can enter concrete from the 
environment, ultimately causing its deterioration include water, pure or carrying ions such as 
chloride, carbon dioxide and oxygen. The term that is commonly used to describe the ease by 
which fluids enter and move through concrete is the permeability although the correct term to 
use should be penetrability. Strictly speaking, permeability is specifically the property that 
measures the ease of fluid flow by permeation. Permeation is the entrance and movement of 
fluids through a saturated porous medium due to a pressure gradient. On the other hand, 
penetrability refers to the general case that describes the ease by which a fluid can enter and 
move through the porous medium, caused by any mechanism. The term ingress or penetration 
will be used throughout this thesis, to describe the general entrance and movement of fluids in 
the material. Fluids can penetrate porous materials not only by permeation, but also by sorption
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and diffusion [2.1]. Sorption is the entrance and movement of fluids, caused by capillary suction 
and no gravitational or other external forces exist to push the fluid through. Diffusion is the 
entrance and movement of fluids due to a concentration gradient.
It is important to be able to quantitatively measure penetration of fluids through 
concrete so that the durability of the material can be assessed and the lifetime of the concrete 
structure can be predicted. The aim of this chapter is to introduce and describe fluid transport 
mechanisms by permeation, sorption and diffusion.
2.2 PERMEATION
The movement of fluids through a saturated porous material, driven by a pressure differential, is 
known as permeation. After investigating water flow through a sand column, in 1856 H. Darcy 
reported, the fluid velocity is directly proportional to the pressure gradient. Darcy showed the 
flow of fluid through a porous material can be described by the expression;
Li 2.2:1
-  VP = — v  
K
In equation 2.2:1, VP is the pressure gradient, p, is the fluid viscosity, v is the fluid velocity and K 
is the intrinsic permeability of the material.
Equation 2.2:1 is known as Darcy’s law, where the intrinsic permeability, K, is dependent 
only on the characteristics of the porous medium and has dimensions of area. Permeability can 
be defined as that property of a material that characterises the ease with which a particular fluid 
will pass through it under the action of a pressure differential.
2.3 SORPTION
Liquid uptake through capillaries can occur due to the pressure gradient caused by surface 
tension and this is called sorption or capillary suction. When a capillary is immersed in a liquid 
such as water, surface tension causes the liquid surface to curve inside the tube, as shown in 
figure 2.3:1. The pressure just beneath the curving meniscus is less than the atmospheric 
pressure, P, by approximately 2y/r, assuming a hemispherical surface and this is illustrated by 
figure 2.3:1(a) [2 .2 ]. The pressure outside of the tube, immediately under the flat surface, is equal 
to the atmospheric pressure. There is a pressure gradient between the outside of the tube and 
inside of the tube. The excess pressure, external of the tube, presses the liquid through the 
capillary until hydrostatic equilibrium is reached, which occurs when there is equal pressures at 
equal depths as shown in figure 2.3:l(b).
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Figure 2.3:1. (a) Surface tension causes a pressure gradient betw een the inner and outer 
regions o f  the capillary, (b) L iqu id  m oves through capillary because o f  the pressure 
gradient, until hydrostatic equilibrium  is  achieved.
2.4 DIFFUSION
Diffusion is the movement of matter from one part of a system to another and it is caused by a 
concentration gradient. Movement of matter in the macroscopic scale occurs as a result o f many 
molecular collisions and random molecular motions that take place over small distances.
In cementitious materials, diffusion is regarded as isotropic. In an isotropic medium, the 
structure and diffusion properties are the same relative to all directions and the flow of diffusion 
substance at any point is along the normal to the surface of constant concentration through die 
point. In an anisotropic medium, the diffusion properties are different in different directions and 
it can occur when the molecules have a preferential direction or orientation. Adolf Fick (1855) 
formulated equations to describe diffusion in isotropic media. Fick’s first law of diffusion, which 
is expressed for the one dimensional case by equation 2.4:1 states die flow rate of mass through 
unit area of a section, J, is proportional to the concentration gradient, dC/dx, and the diffusion 
coefficient, D, [2.3].
J =  - D —  
dx
The diffusion coefficient, D, can be defined using equation 2.4:1 as the rate of transfer o f the 
diffusing substance across unit area of a section, divided by the space gradient of concentration at 
die section. The diffusion coefficient is therefore an intrinsic property of the material. Through
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a consideration of the flow of mass in and out of a volume element and using Fick’s first law, it is 
possible to derive the fundamental differential equation for diffusion, which is expressed by- 
equation 2.4:2 [2.3].
5C 8 (  8C''* 2.4:2
dt dx v dxy
If the diffusion coefficient is constant then equation 2.4:3 is simply expressed by;
d C _ D d^C  14:3
dt ~ dx2
Equation 2.4:3 is Fick’s second law of diffusion, where t is time, C is the concentration and x is 
the space co-ordinate measured normal to the section through which the flux occurs. Equations 
2.4:1, 2.4:2 and 2.4:3 describe diffusion in one-dimension, which occurs when there is a 
concentration gradient along the x-axis only.
Equation 2.4:3 is a partial differential equation and its most general solution, by method 
of separation of variables is:
« 2.4:4
C(x, t) = £  (A„ sin Xmx  + Bm cos Xmx)  exp(-XmDt)
m=l
In equation 2.4:4, Am, Bm and A,m are arbitrary constants, which are dependent on the initial and 
boundary conditions of the particular diffusion problem.
Particular solutions for Fick’s second law can be found by applying a variety of boundary 
conditions. There are many reports that describe experiments for the one-dimensional diffusion 
of water and chloride ions through saturated concrete and the model for Fickian diffusion 
through a semi-infinite medium has been used to deduce the diffusion coefficient for the 
material. The initial and boundary conditions that describe diffusion through a semi-infinite 
medium are:
C = Co, x = 0, t >  0 ; 
C = 0, x > 0 ,  t = 0;
2.4:5
The particular solution for Fick’s second law using the semi-infinite medium is given by 
equation 2.4:6 [2.3], where erf is the standard error function and Co is concentration on the 
surface of the material at x = 0.
C(x,t) = C( 1 -e r f
2.4:6
2VDt
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2.5 UNSATURATED FLOW THEORY
Concrete and other porous building materials in the environment will not always be saturated, 
especially in countries with a hot climate and it is important to explain penetration of fluids 
through such materials. The Fickian diffusion model cannot be used to explain penetration of 
fluids through unsaturated porous materials because sorption must be taken into account. 
Unsaturated flow theory [2.4, 2.5] can be used to describe water penetration through unsaturated 
porous materials. In the unsaturated flow theory it is assumed penetration of water through 
partially dry porous materials, such as cement-mortar, occurs primarily due to sorption. Capillary 
suction forces cause water to flow through the porous material and gravitational forces can be 
neglected. The vector velocity, v, of the liquid flowing through the unsaturated porous material 
is given by equation 2.5:1, where C is the fraction of the volume of the material occupied by 
water, K(C) is the hydraulic conductivity function and VXF(C) is the gradient of the capillary 
potential [2.4],
v = -K(C)V'F(C) 2.5:1
Equation 2.5:1 is an extension of Darcy’s equation to unsaturated flow. The hydraulic 
conductivity, K(C), is analogous to the permeability, K, of the material and the capillary potential 
gradient, VT^C), which originates from surface tension, is analogous to the pressure gradient, 
VP. In situations where there is an approach to capillaiy rise equilibrium it is necessary to take 
into account both capillary and gravitational forces and this can be done by replacing the 
hydraulic capillary potential, i|/, with a total potential, O  = v|/ + T , where Y is the gravitational 
potential of the fluid head.
"When the flow of liquid is in one dimension equation 2.5:1 can be re-written as;
dC  2.5:2
v = - D (C)——
OX
0\i/ 2.5:3
D e(C) = K (C )—-J- 
eV 7 v J dC
Equations 2.5:2 and 2.5:3 are the fundamental equations that describe unsaturated flow through 
porous materials. Equation 2.5:2 is analogous to Fick’s 1st law of diffusion but it is important to 
understand that equation 2.5:2 describes water movement due to capillary suction and not 
molecular diffusion. D e(C) is the effective diffusion coefficient and is it an intrinsic property of 
the material, although it is a function of C and not just a simple number. Analogous to
concentration dependent diffusion, flow due to capillary suction can be described by equation
2.5:4.
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d C _ d _
dt dx
D„(C)
dC
dx
2.5:4
If D e(C) can be deduced then equation 2.5:4 can be solved with suitable initial and boundary 
conditions. The initial and boundary conditions for one-dimensional flow through a semi-infinite 
medium are given in equation 2.5:5, where Cs is the volume fraction of water at the surface in 
contact with the source and Ci is the initial volume fraction of water inside the material.
C = Cs for x = 0, t > 0 2.5:5
C = Q forx  >  0, t = 0
Boltzmann (1894) reported, for certain boundary conditions and provided D e(C) is a function of 
C only, it is possible to express C in terms of a single variable r| [2.3]. By applying the Boltzmann
transform, r\ = xt44, it is possible to reduce equation 2.5:4 to the ordinary differential equation
2.5:6 [2.4].
2.5:6r dC''
,dr\.
d_ 
dr|
De(C) dr|
with C = Cs at r| = 0 and C = C; as r| —» oo
If equation 2.5:6 can be solved for C(r|) then this will allow prediction of the water content 
distribution throughout the material for all values of time, t.
The function, D e(C), can be deduced from equation 2.5:7, which has been derived by 
integrating equation 2.5:6. Equation 2.5:7 can be evaluated if the water content distribution can 
be determined at some precise elapsed time, measured from time when sample has first contact 
with the source.
D<(c>=4 fe)Hc 2.5:7ac
Ci
The effective diffusion coefficient, D e(C), can be regarded as the fundamental water 
penetration property of the material, but the process required to determine D e(C) can be lengthy 
and difficult. On the other hand the sorptivity, S, is a single number and it can easily be 
determined from the function C(r|). The sorptivity, S = i/t1/4, is a measurement for the rate of 
water sorption and it is therefore a property of the material. The cumulative volume of fluid 
sorption per unit area of inflow surface, i, is given by equation 2.5:8.
i c.
i = JxdC = t 2 jr|dC
2.5:8
Ci Ci
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The sorptivity can be deduced by plotting the master curve, which is C n as a function of r) and 
finding the area under the curve, where C n =  (C -  G ) / ( C s -  Ci) is the normalised water content.
cjl V 2.5:9
S = JV|dC = (Cs - C , )  JridCn
C; 0
Equation 2.5:9 shows that the value of sorptivity is dependent on the initial and final water 
content, which means a suitable initial state C i must be used.
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CHAPTER 3
NMR THEORY AND 
INSTRUMENTATION
3.1 INTRODUCTION
Applications of nuclear magnetic resonance (NMR) have grown rapidly since publication of the 
first papers [3.1 - 3.7] on the subject. NMR is a field that engages a wide range of disciplines 
including engineering, physics, chemistry, biology, and medicine and it can be split into three 
main categories namely spectroscopy, relaxometry, and imaging. The use of NMR spectroscopy 
is most common in chemistry for determining molecular structure. NMR relaxometry is 
becoming increasingly applied in the materials science for dynamic studies and particularly studies 
of porous systems. The growing popularity of NMR imaging is due to the fact that it employs 
non-ionising radiation, it is non-invasive and acquisition of time series NMR images in-situ is 
possible. For these reasons NMR imaging, also commonly known as Magnetic Resonance 
Imaging (MRI) is very popular in medical diagnostics where it is used mostly for imaging soft 
tissue in brain, neck, and spine. With advances in technology, MRI is also proving to be a very 
powerful tool in the materials industry for imaging fluid flow and diffusion. Many books have 
been written about NMR and MRI. The following books are just a few examples. A  good 
introduction to NMR theory can be found in; “Introduction to Magnetic Resonance”, A. 
Carrington & A.D. McLachlan [3.8]; “Nuclear Magnetic Resonance Spectroscopy”, R.K. Harris 
[3.9]; and “Pulse and Fourier Transform NMR”, T.C. Farrar & E.D. Becker [3.36]. Explanation
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regarding NMR imaging can be found in “Nuclear Magnetic Resonance in Medicine and 
Biology”, P.G. Morris [3.10]; and “Practical NMR Imaging”, M A  Foster, and JM.S. Hutchinson 
[3.11]. Practical information on NMR instrumentation is given in “Experimental Pulse NMR”, 
E. Fukushima, and S.B.W. Roeder [3.12]. The aim of this Chapter is to present only the general 
background information regarding NMR theoiy and instrumentation that is relevant to the study 
carried out on Cement and Mortar.
NMR is a phenomenon that is correctly described using the principles of Quantum 
Mechanics, but experimental ideas are often easier to develop using a classical model. In this 
chapter, a classical theory is first presented to help explain the effects of the NMR phenomena in 
the macroscopic scale and understand the experimental techniques used. The relevant Quantum 
theory is then presented to explain the concepts of the NMR phenomena in the nuclear level. 
This is followed by a discussion on NMR imaging and instrumentation. The NMR study of 
cement and mortar described in this thesis is concerned mainly with water distribution and 
transport. The NMR theory presented in this chapter is therefore limited to examples of the 1H 
nucleus.
3.2 CLASSICAL THEORY OF NMR
3.2.1 LARMOR PRECESSION
The positively charged nucleus of an atom with spin angular momentum, P, has a magnetic 
moment, p. The nuclear magnetic moment, Jl, is proportional to the spin angular momentum, P, 
and it is given by equation 3.2.1:1.
p  = yP 3.2.1:1
The constant of proportionality y is called the magnetogyric ratio of the nucleus and it is a 
property of the particular species. The nuclear magnetic moment, p, is a vector quantity and it is 
quantized. In the presence of a magnetic field, B, the nuclear magnetic moment will experience a 
torque, f i x B ,  which can be equated to the rate of change of angular momentum to obtain;
dP n  3.2.1:2
—  = u x B  
dt
From equations 3.2.1:1 and 3.2.1:2, the motion of p  is described by;
du 32.1:3
—  = ypxB 
dt
Equation 3.2.1:3 implies that at any moment in time the rate of change of p is perpendicular to 
both p  and B .  If the magnetic field B  is static and directed along the z-axis so that B = B o k ,
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where k  is a unit vector along the z-axis, then equation 3.2.1:3 can be expressed by equations 
3.2.1:4, 3.2.1:5, and 3.2.1:6. The components of p along the x-axis, y-axis, and z-axis are px, Py, 
and pz respectively. The magnitude of nuclear spin angular momentum, | p | , in terms of px, py, 
and pz is given by equation 3.2.1:7.
4 * ,
dt
d\ly
dt
d\xz
dt
YH,B0
- yh, b 0
=  0
p | =  (px2 +  Py2 +  p  z2)'A
3.2.1:4
3.2.1:5
3.2.1:6
3.2.1:7
The solutions of equations 3.2.1:4, 3.2.1:5 and 3.2.1:6 are given by equations 3.2.1:8, 3.2.1:9 and 
3.2.1:10. The corresponding motion of p is illustrated in figure 3.2.1:1.
p x(t) =  | p  | sinG cos ( y  B o t  +  (j)) 
Py(t) = - | p j sinG sin ( y B o  t  + c|)) 
p z(t) =  | p | cos G
B0
X
Figure 3.2.1:1. Precession of a single nuclear spin 
magnetic moment in a clockwise direction about the 
applied static field Bo.
3.2.1-.8
3.2.1:9
3.2.1:10
The motion of p, described by 
equations 3.2.1.-8, 3.2.1:9, and 
3.2.1:10 is one of precession. 
The tip of the vector p undergoes 
Larmor precession about the 
static field, B o k  and traces out a 
cone as a function of time. The 
angle (j) is an arbitrary phase 
offset measured from the x-axis 
at t=0. Angle G is between p and 
B ,  hence, in classical terms the 
energy of the nuclear spin is a 
function of G. Classical 
electromagnetic theory implies, 
the energy of a nuclear spin in a 
magnetic field is the dot product
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o f the magnetic dipole moment, p, and the magnetic field, B. Since, B = B o k  then the energy of 
the nuclear spin, in terms of classical theory is;
the nuclear spin. The Larmor angular frequency, (Oo, o f the precession is given by equation 
3.2.1:12. The relationship between angular frequency, G), and frequency, v, is simply (d=2nv.
Classical theory is actually inadequate for describing the behaviour of single nuclear spins because 
p is quantized, hence, the energy of the nuclear spin is quantized. On the other hand, the bulk 
magnetic moment or magnetisation, M, precisely obeys classical mechanics and it can be used to 
describe the NMR phenomenon. A macroscopic sample may contain many nuclei, and each 
nucleus produces a spin magnetic moment, p;. The magnetisation vector, M, is defined by 
equation 3.2.2:1.
In thermal equilibrium and in static magnetic field, B o k ,  the bulk magnetic moment, M, will be
with each other, hence M has no component perpendicular to B o k  when in thermal equilibrium. 
There is a component o f M parallel to B o k  and its magnitude is called the bulk magnetisation, M o . 
In thermal equilibrium and static magnetic field the magnitudes o f the components o f M in the x, 
y, and z directions are M x =  0 ,  M y =  0 ,  M z =  M o  respectively.
E = —p.B — - | i 2B o 3.2.1:11
The greater the value o f 0 the smaller is the value o f p2 and therefore the smaller is the energy of
(Do —  Y®° 3.2.1:12
3.2.2 THE MACROSCOPIC SAMPLE
M = 5 > 3.2.2:1
The motion of M in a magnetic field, B, is given by equation 3.2.2:2.
3.2.2:2
d t
aligned with B o k  The individual magnetic moments, pi, which makes up M, are out o f phase
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3.2.3 TIME DEPENDENT MAGNETIC FIELD, THE 
ROTATING REFERENCE FRAME AND FREE 
INDUCTION DECAY
In a NMR spectrometer, a signal can only be measured if there is a component of M in the plane 
transverse to the static magnetic field, B o k .  A coil is a placed in the plane transverse to B o k  
relative to the laboratory frame that allows a transverse component of M to induce an electrical 
current in the coil, which can then be measured. Tipping the magnetisation vector, M, away 
from its position in thermal equiKbrium means energy must be dissipated to the nuclear spin 
system. The magnetisation vector, M, can be rotated so that it has components in the transverse 
plane by applying a time dependent magnetic field, Bi(t), perpendicular to B o k .  The motion of 
M in the presence of a static magnetic field, B o k ,  and a time dependent magnetic field, Bi(t), is 
described equation 3.2.3:1.
dM r * i 3.2.3:1
—  = y M x [ B 0k + B , ( t )  
dt
The motion of the magnetisation, M, can be described more simply relative to a rotating 
reference frame rather than relative to the laboratory reference frame. The rotating reference 
frame rotates with angular frequency, coi, about B o k  in the same direction as the precession of the 
nuclear magnetic moment. The components of M relative to the rotating frame of reference are 
M x 'i ' ,  M j ' j ' ,  and M z' k ' ,  where i ' ,  j ' ,  and k '  are unit vectors along the x', y', and z' axis of the 
rotating reference frame respectively. The unit vectors k  and k '  are parallel.
M  =  M x 'i '  +  M y '] '  + M z' k '  3 . 2 . 3 : 2
The motion of M  relative to the rafcattnq frame and in terms of the unit vectors i ' ,  j ' ,  and k ' ,  is 
given by equation 3.2.3:3.
dM
d t
= yM x
J rot
3.2.3:3
The time-dependent magnetic field, Bi(t), can be a linearly polarised R.F. field, described by
equation 3.2.3:4, where coi is the angular frequency of the R.F. field relative to the laboratory
frame.
Bi(t) = 2Bii cos coit 3.2.3:4
The linearly polarised R.F. field can be decomposed into two circularly polarised components, as 
shown by equation 3.2.3:5.
Bi(t) = Bc(t) + Ba(t) 3.2.3:5
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The component Bc(t) rotates clockwise, and the component Ba(t) rotates anti-clockwise, and they 
are described by equations 3.2.3:6, and 3.23:7.
Bc(t) = Bi( i cos ©it -  j sin ©it) 3.2.3:6
Ba(t) = Bi( i cos ©it + j sin ©it) 3.2.3:7
Only the clockwise rotating component of Bi(t) can have a consistent effect on the precession of
M. The angular frequency of the rotating reference frame is chosen to equal the angular
frequency of Bi(t), hence, the clockwise component of Bi(t) relative to the rotating frame is 
simply Bii'. Working in the rotating reference frame removes the time dependency of Bi(t). The 
motion of the bulk magnetic moment, M, relative to the rotating frame can be expressed by 
equation 3.2.3:8, where B'eff is the effective field.
( dM 1 3-2-3:8= yM xB ef(
/  rotd t
Equation 3.2.3:8 implies M has a precession about the axis of an effective magnetic field B 'eff, 
where B'eff is given by equation 3.2.3:9.
B'eff = ( Bo - ©i/y )k' + B i i '  3.2.3:9
As the R.F. angular frequency, ©1, gets closer to the Larmor precession angular frequency, ©o, the 
deviation of M from the z-direction also gets greater. When ©i = ©o,that is when the R.F. field is 
in resonance with the nuclear spin system, and B eff = B i i ' .  At resonance, M has a precession 
about the x'-axis in the rotating reference frame, and this motion is described by equation 
3.2.3:10 and it is illustrated by figure 3.2.3:1.
( d M )  _ .  _ 3.2.3:10
  = y M x B . iI * Jtot
The angular frequency of the precession of M about B i i '  is -yBi. If the time dependent magnetic 
field, Bi(t), is applied for a duration time, xp, then M rotates about the x'-axis in the y'-z' plane 
through an angle, a, given by equation 3.2.3:11 for a rectangular pulse.
a  = yBitp 3.2.3:11
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When a  = 71/ 2 , M will have been subjected to a 90° Bi(t) pulse, and M will lie along the y'-axis. 
If the magnetisation vector, M, lies along the y'-axis in the rotating reference frame, then this
corresponds to a precession of M in the transverse plane of the laboratory reference frame,
hence a NMR signal is induced in 
the coil. The amplitude of the 
induced signal is proportional to the 
transverse component of the 
magnetisation, M. Immediately 
after applying the time dependent 
field, Bi(t), (R.F. pulse) the nuclear 
spin system will relax to thermal 
equilibrium and any component of 
M in the transverse plane will decay 
to zero. The signal induced in the 
NMR coil is therefore a decaying 
sinusoidal, and because it is 
acquired in the absence of Bi(t), it is 
called a free induction signal (FIS). 
The demodulated FIS is called the 
free induction decay (FID). On the other hand, a 180° pulse will rotate M so that it lies along the 
-z-axis, anti parallel to B o k ,  and no signal will be induced.
3.2.4 THE BLOCH EQUATIONS
Bloch [1] combined the equations describing precession of the magnetisation, M, with equations 
describing the relaxation of M to thermal equilibrium, for minimally interacting spins of the same 
type in a homogeneous static magnetic field, B o k .  A spin isochromat is defined as the 
magnetisation, M, produced by those nuclei that have exactly the same Larmor precession 
frequency. Bloch postulated, following an R.F. pulse if a spin isochromat, M, has a component 
in the plane transverse to B o k  then the spin isochromat will return to thermal equilibrium 
through spin-spin relaxation and spin lattice relaxation. During spin-spin relaxation (also called 
transverse relaxation) the individual magnetic moments irreversibly lose phase coherence, and the 
component of M in the transverse plane decays to zero. The rate of decay of the x and y  
components of M in the transverse plane are given by equations 3.2.4:1, and 3.2.4:2 respectively, 
where T2 is the transverse relaxation time constant.
a  = 90'
Figure 3.2.3:1. Precession motion of M  about B 'eff in 
the rotating reference frame.
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d Mx _ - M x 3-2-4:1
dt ~  T2
d M y _ - M y 3.2.4:2
dt T2
The component of M parallel to B o k  will return to its equilibrium magnitude, M o ,  through spin 
lattice relaxation (also known as longitudinal relaxation), and this is described by equation 3.2.4:3, 
where Ti is the longitudinal relaxation time constant.
dM z = - ( M , - M „ )  3.2.4:3
dt Tj
During spin lattice relaxation energy is dissipated from the nuclear spin system to modes of 
motion such as vibration and rotation of the molecules in the lattice, hence, the thermal 
equilibrium with M z= M o  is restored. Combining the precession of M, described by equations 
3.2.2:2 with the relaxation of M, described by equation 3.2.4:1, 3.2.4:2, and 3.2.4:3 gives:
^  = y(m B Z- M ZB 3'2'4'4
d t  * y '  T 2
dM , ,  M y 3.2.4:5
—- y  = y(m zb x - M XB Z) - —y  
dt T2
dM. _   \ (M - M J  3.2.4:6= y(MxB y - M yB x) - (Mz M d
d t  v A y y A /  T ,
Equations 3.2.4:4, 3.2.4:5, and 3.2.4:6 are the Bloch equations [1], which describe M relative to 
the laboratory reference frame and they can be solved under a variety of boundary conditions. 
The Bloch equations can be used to describe the motion of the magnetisation vector, M and to 
understand the NMR signal in both the time domain and frequency domain, following an R.F. 
magnetic field perturbation. The relaxation rate to thermal equilibrium is independent of which 
reference frame is used. The Bloch equations can be written and solved using either the rotating, 
or laboratory reference frame. Figure 3.2.4:1 shows a typical FID, predicted by solving the Bloch 
equations for a spin isochromat after applying a 90° R.F. pulse. By solving the Bloch equations 
for a spin isochromat, after applying a 90° R.F. pulse, it can be shown that the magnetisation in 
the transverse plane decays at a rate of (I/T 2) and the FID signal, S(t), is given by equation 
3.2.4:7, where t is time and f is a constant calibration factor.
S(t) = f Mo exp(-t/T2) 3.2.4:7
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Figure 3.2.4:1 shows a typical FID, predicted by solving the Bloch equations for a spin 
isochromat after applying a 90° R.F. pulse.
M 0
0
Time
Figure 3.2.4:1 shows a typical FID, predicted by solving the Bloch equations for 
a spin isochromat, after applying a 90° R.F. pulse.
It has been proven [3.14, 3.7] that the NMR signal measured after a R.F. pulse and the NMR 
spectrum are Fourier transforms of each other, which is described by equations 3.2.4:8, and 
3.2.4:9, whereat) is the FID NMR signal in the time domain, and F(v), is the NMR spectrum in 
the frequency domain.
® 3.2.4:8
f(t)=  fF(v)eM dv
—00
» 3.2.4:9
F(v)= | / r t ; e-,v,dt
—00
The spectral line predicted by Bloch’s equations is called Lorentzian and it is the shape that
would be observed in an ideal case, in a homogeneous applied magnetic field, B o k ,  for a spin
isochromat that relaxes exponentially with a single value o f T2. The Lorentzian spectral line is 
shown in figure 3.3.5:3.
3.2.5 SPECTRAL LINE BROADENING
3.2.5.1 Homogeneous broadening
The NMR spectral line observed from a isochromat is naturally broad because adjacent nuclear 
spins in the sample produce intrinsic fluctuating local magnetic fields, which causes an
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irreversible loss in the phase coherence between nuclei in the spin isochromat after a R.F. pulse. 
The spin-spin relaxation time constant, T2, is characteristic of the intrinsic local magnetic fields, 
hence, T2 is a property of the material. The sources of the local magnetic fields in the sample 
include mainly the dipolar interaction, the quadrupolar interaction and the chemical shift 
interaction. Further detail about the sources of spin-spin relaxation and the corresponding 
spectral line shape caused by homogeneous broadening is discussed in sections 3.3.4 and 3.3.5.
3 .2.5.2 Inhomogeneous broadening
In practice a sample placed in a N M R  spectrometer will have many spin isochromats because in a 
real N M R  spectrometer the applied static magnetic field, B o k ,  is not uniform throughout the 
sample. This means the spins in different parts of the sample will experience different magnetic 
field strengths and there will be a variation of the Larmor precession frequency of the nuclei 
within different regions of the sample. Inhomogeneous broadening can result if the applied 
magnetic field, B o k ,  is inhomogeneous over the sample. Inhomogeneously broadened spectral 
lines consist of a spectral distribution of much narrower homogeneously broadened lines, from 
many isochromats, merged into one overall envelope. After the magnetisation vector, M ,  is 
tipped into the x-y plane by an R . F .  field the transverse components of M  will decay due to phase 
loss caused not only by spin-spin relaxation, but also phase loss caused by B o k  inhomogeneity. 
To take into account the transverse relaxation of M  due to B o k  inhomogeneity it is convenient to 
define a pseudo relaxation time constant, T2*, given by equation 3.2.5:1, which describes the 
observed rate of decay of M  in the transverse plane.
I l l  3.2.5:1
p *  p> ^  'yinhom 
2 2 2
The term T2inhom describes the decay in signal due to de-phasing of nuclei in different 
isochromats, after the R . F .  pulse is applied and it is given by equation 3 . 2 .5 : 2 ,  where A B o  is the 
extent of variation of B o k  over the region occupied by the sample.
1 3.2.5:2
'pin horn 
l 2
3 .2 .5.3 Susceptibility broadening
When a substance is placed in a magnetic field the substance becomes magnetised and it modifies 
the magnetic field. The extent by which the substance modifies the magnetic field is proportional 
to the strength of the magnetic field and the constant of proportionality is known as the bulk 
magnetic susceptibility, % [3.9]. Solids, liquids and gases have very different values of y. In 
heterogeneous materials such as concrete and cement-mortar, there exist many solid-liquid,
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solid-gas and liquid-gas interfaces. Hence, in a heterogeneous material the magnetic field is 
inhomogeneous because the susceptibility of the material is inhomogeneous. Even with a good 
homogeneous applied static magnetic field, B o k ,  if the magnetic susceptibility is not 
homogeneous, then there will be local magnetic field gradients within the sample, this will cause 
significant inhomogeneous spectral line broadening. Spectral lines can be broadened up to 
several kHz, due to variations of the susceptibility within the material.
3.2.6 THE HAHN SPIN ECHO
The Lorentzian spectral line-shape predicted by Bloch would only be observed in an ideal NMR 
experiment, if the decay of M'x and M'y were truly first order at a rate of (I/T2). In practice the 
NMR absorption lines are likely to be unsymmetrical and broader because the natural shape of 
the line caused by intrinsic spin-spin relaxation is distorted by line broadening due to magnetic 
field inhomogeneity. The NMR absorption line width that can be measured after Fourier 
transforming an FID acquired with a single 90° pulse is (tTY)4. To gain information about the
(a) 90° pulse 180° pulse
< ----------------  t / 2   ^ --------  t / 2   ►
X*
Spin echo
(c)
Figure 32.6:1. The Hahn Spin echo (a) pulse sequence, (h) behaviour of the spin 
isochromats, (c) signal intensity.
actual sample it is important to measure T2 and not T2*. After a 90° pulse, the NMR signal 
decays because the spin isochromats de-phase in the transverse plane, and this is due to intrinsic 
spin-spin relaxation, and due to magnetic field inhomogeneity. De-phasing of the spin 
isochromats caused by intrinsic spin-spin relaxation is incoherent, and the rate of de-phasing is 
characteristic of the sample. On the other hand de-phasing of the spin isochromats caused by 
magnetic field inhomogeneity is coherent, because the isochromats de-phase due to faster or 
slower precession in regions of higher or lower static magnetic field respectively.
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In 1950 Hahn [3.3] discussed a method called the spin echo pulse sequence, which could 
be used to reverse the de-phasing of spin isochromats caused by an inhomogeneous static 
magnet field hence measure T2. The Hahn spin echo pulse sequence is illustrated by figure
3.2.6:1. With the spins initially in 
thermal equilibrium a 90° pulse is 
applied along the x'-axis of the rotating 
reference frame, the magnetisation 
starts to de-phase and the usual FID is 
recorded with amplitude, So. After a 
certain time-interval, ( t /2 ) ,  after the 90° 
pulse, a 180° pulse is applied along the 
x'-axis. The isochromats continue to
cn
<lT-O
4
Echo Time, x
Figure 3.2.6:2. Echo amplitude 1 . . . . . . .°  r • r r nave a precession m their original sense
plotted as a function of echo time, t.
and so all the isochromats re-phase 
along the negative y'-axis, giving a “echo” signal after a further time interval ( t /2 ) .  With phase 
sensitive detection, the FID from the echo signal appears as a negative sign. The echo is formed 
after reversing the de-phasing due to applied field inhomogeneity. De-phasing that occurs due to 
intrinsic spin-spin relaxation is irreversible and the FID from the echo signal has smaller 
amplitude than the initial FID. The extent of irreversible de-phasing, hence, the echo amplitude, 
S (t), is dependent on the echo time, x, after the first 90° pulse.
S (t) =  So exp(-T/T2) 3.2.6:1
The experiment can be repeated several times to plot a curve of echo amplitude against t  as 
shown in figure 3.2.6:2. The echo amplitude decays solely due to intrinsic spin-spin relaxation, 
hence, a value for T2 can be deduced from the curve.
3.2.7 THE CARR-PURCELL PULSE SEQUENCE
The Hahn spin-echo technique is not very accurate at measuring long values of T2. The echo 
amplitude is reduced, not only due to intrinsic spin-spin relaxation, but the echo amplitude is 
reduced also due to diffusion, which causes nuclei to move from one part of an inhomogeneous 
field to another. In porous materials, diffusion of nuclei through susceptibility gradients during 
time T can significantly reduce the echo amplitude, even if the applied magnetic field was 
homogeneous. Long echo times, t ,  have to be applied in order to measure samples with long T2 
values. Nuclei that have diffused during the time, x, will not re-phase hence the echo amplitude
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is reduced. Carr and Purcell [3.5] modified the Hahn spin echo sequence and showed the effect 
of diffusion on the determination of T2 can be considerably reduced by applying a series of 180° 
pulses after the 90° pulse. The Carr and Purcell pulse sequence is shown in figure 3.2.7:1. The 
time, ti8o, at which a 180° pulse is applied, is given by equation 3.2.7:1, where x is the time 
between the 90° pulse and the first 180° pulse and n is an integer.
ti80 = x ( 2 n - l )  3.2.7:1
n = 1, 2, 3 ,__ , etc.
The 180° pulses cause a series of echoes with alternating sign to occur at time, techo, given by 
equation 3.2.7:2, which allows T2 to be determined in a single experiment.
techo = 2nx 3.2.7:2
n = 1, 2, 3, . . . ,  etc.
All R.F. pulses are applied along the x'-axis. The behaviour of the spin isochromats during the 
Carr -Purcell sequence is the same as for the Hahn experiment except after the first echo the 
spin isochromats are allowed to de-phase for a time x only, and then another 180° pulse is 
applied. The second 180° pulse flips the spin isochromats about the x'-axis and causes them to 
re-phase along the positive y'-axis at time 4x after the 90° pulse. Subsequent 180° pulses at 
intervals of 2x cause echoes to occur alternating from negative sign to positive sign, depending 
on whether the spins are re-phased along negative y'-axis or positive y'-axis respectively. There 
are two main advantages to the Carr-Purcell method over the Hahn spin echo sequence. First, 
there is a considerable saving of time because echoes at a whole range of times after the 90° pulse 
may be obtained in a single sequence. On the other hand, the Hahn spin-echo sequence must be 
repeated many times with a waiting time between each sequence to allow for thermal equilibrium. 
Second advantage of Carr-Purcell sequence is that the effect of diffusion may be virtually 
eliminated by making x short, since it is only during a period 2x that diffusion is effective in 
reducing the amplitude of an echo.
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90° x'
Repeat 180 °pulses at intervals of2r until echo amplitude decays to zero 
180° x' 180° x' 180° x'
R.F. pulse
2t
►<«
2t Time
Signal
-t/T
~-vr e 2
e 2
2 t
Figure 32.7:1. The Carr-Purcell sequence.
3.2.8 THE CARR-PURCELL-MEIBOOM- GILL (CPMG) PULSE 
SEQUENCE
The angle through which the magnetisation, M, is rotated by a pulse depends on the R.F. 
amplitude, Bi, and depends on the pulse duration, xp- The practical procedure for obtaining a 
90° or 180° pulse is to adjust xp empirically to obtain maximum amplitude of the free induction 
decay for a 90° pulse, or a zero signal for a 180° pulse. Inhomogeneity in Bi always limits the 
accuracy of the magnetisation rotation angle. If there are many 180° pulses in the Carr-Purcell 
sequence then the error in the rotation angle can cause the magnetisation to move progressively 
away from the x'-y' plane for successive echoes. This will affect the measured T2 value. The 
Carr-Purcell sequence described above was improved by Meiboom and Gill [3.6] to allow for the 
fact that 180° pulses are not perfect. The improved Carr-Purcell sequence is known as the Carr- 
Purcell-Meiboom-Gill (CPMG) sequence and it is shown in figure 3.2.8:1. The CPMG sequence 
is the same as the Carr-Purcell sequence but the 180° pulses are applied along the positive y'-axis. 
Figure 3.2.8:2 shows the behaviour of the spin isochromats during a CPMG pulse sequence. 
With perfect 180° pulses, the CPMG sequence will cause all the isochromats to re-phase in the 
x'-y' plane and produce an echo along the positive y'-axis. If the CPMG sequence is used with 
pulses which are 180°-5, where 5 is the error in the 180° pulse, then the isochromats will re­
phase above the x'-y' plane after an odd numbered 180°-8 pulse. After an even numbered 180-5 
pulse applied along the y'-axis, the isochromats will re-phase in the x'-y' plane. The amplitudes
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of the odd numbered echoes are smaller than they should be but the even numbered echoes have 
correct amplitudes. For a first order T2 decay the echo amplitude, A(t), is given by equation 
3.2.8:1, where f is a constant calibration factor.
A(t) = f Mo exp( -t/T2) 3.2.8:1
Plotting the even echo amplitude, A(t), as a function of time, t, produces a curve that decays only 
as a consequence of intrinsic spin-spin relaxation, hence, the CPMG sequence can be used to 
deduce the T2 value of the sample.
Repeat 180 0pulses at intervals of 2 t until echo amplitude decays to zero 
90° x' 180° y' 180° y' 180° y'
R.F. pul'.se
Signal
2t
-t/T
Odd echo
i  S
2x
-t/T Even echo 
c  2 .
e 2
2x -M 2t ><<
Time
 a :
2t -------- ►
Figure 3.2.8:1. The Carr-Purcell-Meihoom-Gill (CPMG) sequence.
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(a) Motion of spin isochromats during a CPMG sequence with perfect 180° R.F. pulses
90° x' pulse 180° y' pulse
Spin echo
(b) Motion of spin isochromats during a CPMG sequence with (180°-8) pulses
(180°-5)y' pulse
(180°-8) y' pulse
First echo 
(above x'y')
Second echo 
(along y')
Figure 3.2.8:2. Motion o f spin isochromats during CPMG sequences with (a)perfect 
180° pulses, and (b) imperfect (180° — 8) pulses. For clarity only a narrow band o f spin 
isochromats are shown.
3.2.9 INVERSION RECOVERY SEQUENCE FOR MEASURING
The “inversion recovery” sequence for measuring spin lattice relaxation was first demonstrated 
by Void et al. [3.16] in 1968, and figure 3.2.9:1 illustrates the method. With the magnetisation, 
M, initially in thermal equilibrium a 180° pulse is applied along the x'-axis, causing the 
magnetisation to rotate into alignment with the -x'-axis. Spin lattice relaxation causes die 
component o f the magnetisation along the z'-axis, Mzk, to decay from its initial magnitude o f — 
Mo through zero to its equilibrium magnitude o f Mo. Instead of letting the magnetisation relax all 
the way back to thermal equilibrium, at a time x after the 180° pulse a 90° pulse is applied. The 
90° pulse rotates the magnetisation from the z'-axis to the x'y'-plane, where the signal is detected. 
The amplitude o f the FID signal recorded after the 90° pulse is proportional to the magnitude o f  
Mzk at time x.
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180°x' y
R.F. pulse
< ---------- ►
Time
Apply 180° x'pulse After time z apply 90° x'pulse
i r.
Figure 3.2.9:1. The inversion recovery pu lse sequence
The extent o f spin-lattice relaxation that occurred during time x can be deduced. Using Bloch’s 
equation 3.2.4:3, the FID amplitude, A(x), which is proportional to the magnitude o f Mzk at time 
x is given by equation 3.2.9:1, where f  is a calibration factor.
A(t) = f  Mo [ 1 -  2 exp (-t/T i) ] 3.2.9:1
The inversion recovery pulse sequence is repeated for different values of x. By plotting A(x) as a 
function o f T as shown in figure 3.2.9:2, Ti can be deduced. The range over which x is varied is 
dependent on the Ti value o f the sample but generally the maximum value o f x should be at least 
4Ti.
+ Mo
0
Mo
Figure 3.2.9:2. A p lot o f FID amplitude, A(z), against z, with each point resulting 
from a separate inversion recovery sequence.
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3.3 QUANTUM MECHANICS THEORY OF 
NMR
3.3.1 ENERGY LEVELS IN  A NUCLEAR SPIN SYSTEM
The NMR phenomena can be correctly described using Dirac’s relativistic quantum mechanics. 
The fundamental postulate of the theory is that the nuclear spin angular momentum, P , is 
quantized, hence, the energy of the nuclear spin is also quantized. The eigenvalues for energy, 
Emi, of a nuclear spin can be calculated by applying the Hamiltonian operator, H, to solve 
equation 3.3.1:1, where | mi) is the eigenfunction.
H | mi) = Emi | mi) 3.3.1:1
The quantum mechanical operator for the nuclear magnetic moment, p, is hyl, where h is 
Planck’s constant divided by 271 and f is the vector nuclear spin operator that has Cartesian 
components I x, % and lz. Analogous to the classical equation for nuclear spin energy (see 
equation 3.2.1:11), the Hamiltonian operator, H, takes the form given by equation 3.3.1:2 when 
the nucleus is placed in a static magnetic field, B o k .  It is important to realise at this stage that H  
is a dot product of the vectors B and I.
H  = -  yhB.I = -yhBoIz 3.3.1:2
Solving equation 3.3.1:1 using 3.3.1:2 therefore gives the eigenvalues for energy of a nuclear spin;
Emi = -hyBomi 3.3.1:3
In equation, 3.3.1:3 mi is the eigenvalue of the operator Iz and it is called the magnetic 
component quantum number. From Quantum mechanics it can be understood that for a 
nucleus, which has a spin quantum number, I, there are 21+1 possible values of mi. The possible 
values of mi are given by equation 3.3.1:4.
mi = 1 , 1 - 1 , 1 - 2 . . . - I  3.3.1:4
The T i nucleus has I = V2 , hence, at any particular time mi is either + V2 , or -  V2 . This implies 
the H  nucleus has two distinct energy levels in an external magnetic field, B o k ,  corresponding to 
the two nuclear spin states with eigenfunctions denoted by | a) and | (3) for mi = Vi and mi = —Vi 
respectively. In the presence of a steady external magnetic field, B, there is an interaction 
between the magnetic moment, p, and B, which causes the nuclear spin states to have different 
energies, and this is called the Zeeman splitting.
The energy of the possible nuclear spin states of the *H nucleus as a function of the 
steady magnetic field strength, Bo, is described by equation 3.3.1:3 and illustrated in figure 3.3.1:1.
43
For a particular value of the steady magnetic field strength, Bo, the Zeeman splitting energy, AE, 
for the two nuclear spin states is given by equation 3.3.1:5.
AE = hyBo 3.3.15
In the absence of an external magnetic field, the energy of an isolated nucleus is independent of 
its nuclear spin state, which is governed by the quantum number mi. In other words, the nuclear 
spin states have degenerate energy levels when there is no external magnetic field. In the 
presence of a magnetic field, B, the nuclear spin states with different values of mi have non­
degenerate energy levels.
E
| (3) ; mi = -Vi ; Ep = VihyB;
a) ; mi = Vi ; Ea = -V^ hyBo
Figure 33.1:1. Energy as a function of the magnetic fie ld  strength, Bo, for the 
spin states o f a nucleus with I  = 1/2. Ea and Ep are the energies o f the spin states 
o f  the nucleus for the eigenfunctions foe) and 1(3) respectively.
3.3.2 THERMAL EQUILIBRIUM AND POPULATION OF SPINS 
ON ZEEMAN LEVELS
In a macroscopic sample of spin 1= Vi nuclei placed in a steady external magnetic field, there is a 
population difference between the two nuclear spin states | a) and | (3), which have different 
energies due to the Zeeman splitting. The population difference occurs due to spontaneous 
transitions of nuclear spins between the Zeeman levels until thermal equilibrium is established 
and this is called spin-lattice relaxation. During spin-lattice relaxation, excess energy is 
distributed from the spin system to the lattice. The nuclear spin system is coupled to the lattice. 
This means while the lattice is in thermal equilibrium the population distribution of the nuclear 
spin system in an external magnetic field can be calculated using Boltzmann’s law. If the sample 
contains N  nuclei then there are N a nuclei in the lower energy spin state, and there are Np nuclei
44
in the upper energy spin state, and N = Na+Np. At temperature, T, the ratio o f nuclei in the | a) 
and | (3) states is given by equation 3.3.2:1, where kB is the Boltzmann constant.
AT 3.3.2:1
- j -  = exp(hyB0 / k eT)
N „
At room temperatures, and with practically achievable B o  values h y B o  «  ksT. This means the 
ratio N a/N p  is ~  [ 1 + ( hyBo/kBT) ] and Na ~  Np ~  N/2.  The population difference, n, 
between the two spin states is therefore given by equation 3.3.2:2.
n = N a _ N p = i »
15 2kBT
For XH nuclei, which has spin quantum number I = Vz, the magnetic moment, p, o f a nuclear 
spin in the | a) and | [3> states is +V2yh and -  V^h respectively, hence, from equations 3.2.2:1 and 
3.3.2:2, the bulk magnetic moment, Mo is;
» ,  1 „ N (yS)2B 0 3.3.2:3
M„ = — yhn = —  ------- -
0 2 4kBT
So for 1H  nuclei with y=26.7520xl07 rad T4 s4, at a temperature o f 298 K, and with a Bo field of 
1 T the population of the spin states differ by only 3 parts per million nuclei.
It is important to note that the NMR signal intensity is directly proportional to the 
nuclear spin population difference, n, and therefore NMR is not a very sensitive technique! 
Signal intensity is also heavily dependent on y, and nuclei that resonate at high frequencies give 
the most intense signals. The dependence o f signal on B o  implies that high magnetic fields are 
desirable. NMR work should also be done at low temperatures, but through consideration of  
solubility and freezing this may not always be possible. Table 3.3.2:9 shows some properties o f a 
range o f nuclei that are typically present in cement-mortar. The nucleus is particularly suitable 
for NMR studies because it has a relatively high value o f y, and it has a natural abundance o f  
almost 100%. On the other hand, Cl is extremely difficult to study using NMR particularly 
because both Cl isotopes have a relatively low value o f y. The isotopes o f Cl are also 
quadrupolar, which results in very broad spectral lines.
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ISOTOPE SPIN QUANTUM 
NUMBER, I.
NATURAL
ABUNDANCE
%
MA GNETOGYRIC 
RATIO
/ KPRADT-’S-i
NMR
FREQUENCY*
/M H Z
1/2 99.985 26.7520 100.00
29Si 1/2 4.70 -5.3188 19.87
“ Na 3/2 100 7.08013 26.47
43Ca 7/2 0.145 -1.8025 6.74
35C1 3/2 75.53 2.6240 9.81
37C1 3/2 24.47 2.1842 8.17
Table 3.3.2:1. Some properties ofnuclei that are typically present in cement-mortar.
*Resonance frequency in a magnetic field o f 2.35 T
(Data derived from the compilation of R .K  H ARRIS. Nuclear Magnetic Resonance Spectroscopy. Longman Group. U.K. (1986).pages 236-239 
[3.13])
3.3.3 STIMULATED NUCLEAR SPIN STATE TRANSITIONS
To understand the effect o f an applied oscillating magnetic field a time dependent perturbation 
term, H ( t ) ,  must be included to the Hamiltonian operator, H .  In the NMR spectrometer 
coherent electromagnetic radiation, 2Bi cos (27ivt), with frequency, v, is used to produce the 
oscillating magnetic field for perturbing the nuclear spin system. If the oscillating magnetic field 
is applied along the same direction as the steady magnetic field, B o k ,  then the oscillating field will 
only modulate the energy levels o f the spin states. To stimulate transitions the oscillating 
magnetic field must be applied perpendicular to the steady magnetic field. The time dependent 
Hamiltonian, H ( t ) ,  takes the form given in equation 3.3.3:1, where y h i x is the quantum 
mechanical operator for the x component o f the nuclear magnetic moment, p, which is the 
component parallel to Bi.
H ( t )  = 2yhBiLcos (2tM) 3.3.3:1
If the frequency, v, o f the applied electromagnetic radiation is such that the quantum energy, hv, 
is equal to the Zeeman splitting energy, A E  = hyBo, then transitions are stimulated and energy is 
exchanged between the spin system and the applied radiation field.
3.3.4 RELAXATION MECHANISMS
In any form of matter there are random thermal motions o f the molecules, hence, a nucleus 
experiences a local time-dependent random magnetic field, BL(t), caused mainly by nuclear spin 
magnetic moments o f other nuclei moving past it. The local time-dependent magnetic field, 
BL(t), can be resolved by Fourier transform into components which oscillate at different 
frequencies, and then further resolved into components parallel and perpendicular to the applied 
magnetic field, B o k ,  which is illustrated in figure 3.3.4:1.
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B l(0
B0k
Figure 3.3.4:1. Illustration of the local time-dependent magnetic field
The perpendicular component of the local magnetic field, BL±(t), which occurs at the resonance 
frequency, can induce transitions between nuclear spin states analogous to stimulated transitions 
caused by an applied R.F. pulse. Spin-lattice relaxation results from spontaneously induced spin 
transitions, caused by Bu.(t). On the other hand, spin-spin relaxation occurs because the spin 
energy levels are not sharply defined but they are broad, as illustrated by figure 3.3.4:2. Energy 
broadening, 8E, of the nuclear spin states occur due to two reasons. The first reason is due to 
spin-lattice relaxation, which causes the lifetime, 8t, of a particular spin state to be finite. 
According to the Heisenberg uncertainty principle, 8t8E>h, a finite 8t leads to a finite 8E which 
in turn leads to a finite value of T 2. Secondly, energy broadening is caused directly by the parallel 
component of the local magnetic field, B l |  | (t), which modulates in a random fashion the energies 
of the nuclear spin states. Broad spin energy levels cause the NMR spectral lines to be naturally 
broad, even in a homogeneous applied field, Bok.
Figure 3.3.4:2. Broadening of nuclear spin state energy levels
The main mechanism for relaxation of a spin system in a solid is caused by the magnetic dipole- 
dipole interaction. A system of spin V2 nuclei behaves as an assembly of nuclear dipoles and the 
dipole produced by one nucleus couples through space with the dipole of an adjacent nucleus. 
For a pair of isolated nuclei, the magnetic moment, px, of a particular nucleus, X, produces a
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local magnetic field, BLxy(t), which perturbs the static magnetic field, B o k .  A  nucleus, Y ,  adjacent 
to the nucleus, X, will experience a total magnetic field, Bt, that is the sum of both BLxy(t) and 
B o k .
Bt — B o k  +  BT,vv(t) 3 .3 .4 .T
The strength of the local magnetic field, BlxyO), at the position of nucleus Y is proportional to 
the magnitude o f the magnetic moment, |Jix, produced by particle X. The strength of the local 
magnetic field, Blxy^), is also dependent on the intemuclear vector, r x y ,  which has the- direction 
shown in figure 3.3.4:3. The dipole-dipole interaction between two adjacent nuclei X and Y is 
therefore dependent on the separation between the two adjacent nuclei and it is dependent on 
the angle 0 x y  between the intemuclear vector, rxy, and B o k .  Based on the geometry shown in 
figure 3.3.4:3, the dipole-dipole mechanism produces a local magnetic field, BlxyO), that is given 
by equation 3.3.4:2 [3.36].
B „ Yr t ; = ± - !^ - r 3 « w 2 e x y - i ;
f XY
3.3.4:2
The sign ± in equation 3.3.4:2 occurs because the spin state o f nucleus X is either | a) or | (3) 
depending on whether the magnetic dipole moment o f X is positive or negative respectively, and 
the local field, Blxy®, can add or subtract to the static field, B o k .
X
N
Figure 3.3.4:3. Schem atic diagram to show  the position s o f  the particles X  
and Y, and to show  the angle 6 ^  between the inter-particle vector, and  
the applied sta tic field, Bok.
In a macroscopic sample, the dipole-dipole interaction occurs between an ensemble o f many 
spins, and the consequence of this is discussed in detail by Van Vleck [3.20]. The dipole-dipole
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interaction is very strong if the sample contains any paramagnetic particles such as O2, and Cu2+. 
A paramagnetic particle is one that has an unpaired electron, which causes the particle to have a 
permanent positive magnetic dipole moment. Since the electron magnetogyric ratio is 657 times 
greater than for protons paramagnetic particles can considerably reduce the value of T2 and make 
the NMR signal veiy broad. Other mechanisms that produce Bi,(t) and cause relaxation are the 
electric quadrupole interaction, chemical shift anisotropy interaction, scalar-coupling interaction, 
the spin-rotation interaction, and in general any mechanism that produces a local magnetic field. 
The other mechanisms have only been mentioned for completeness but will not be discussed 
further because they have a negligible effect in H 1 NMR in comparison to the dipole-dipole 
interaction. The dipole-dipole interaction is the dominant mechanism that produces Br(t), in 
solids.
3.3.5 B.P.P RELAXATION THEORY
Bloembergen, Purcell, and Pound [3.2] give a detailed and quantitative discussion regarding 
nuclear spin relaxation, and it is often called the BPP theory. The BPP theory is based on the 
presumption that a locally produced fluctuating magnetic field, Br(t), is required for relaxation to 
occur. The fluctuating magnetic fields, Br(t), can only be treated in a statistical fashion as they 
are extremely complicated. An autocorrelation function, G(x), can be used to describe Br(t). 
The autocorrelation function is the time-averaged value of all Br(t) values during a time interval 
between t and t+x.
G(x) = BL(t)B L(t + t)  3-3-5:1
The autocorrelation function, G(x), describes how values of local field at one time t are related to
values at some later time, t+x. When x = 0, G ( 1 )  — B L(^ t) 2 , which is a measure of the 
magnitude of the fluctuating magnetic field and when x —» 00, G(x) —> 0. In the BPP theory the 
function G(x) is assumed to decay exponentially for simple systems, where there is random 
molecular tumbling and this condition is called the “weak collision limit”. The “weak collision 
limit” results if the molecules have a continuous random motion so that the dipole-dipole 
interaction, which is usually the greatest source for Br(t), is averaged to zero. The time constant, 
xc, for the decay of G(x) is known as the correlation time and it is the average time between 
molecular collisions.
G(T:) = B L( t ) 2e x p ( - i / z J  333:2
The Fourier transform of G(x), which is in the time domain, is the spectral density function, J(co), 
which is in the frequency domain.
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](($) -  J* G ('i)  e x p ( -i©x )&%
—oo
3.3.5:3
Hence, from equation 3.3.5:2 and 3.3.5:3;
2t„•W  = Bl (V 2 _ 21 +  03 T
3.3.5:4
The spectral density function, J(03), gives the frequency distribution of the molecular motions. 
Mobile liquids have relatively short xc values (1/ tc>>03o) and solids have relatively long tc values 
(1/ tc« 0 3 o). Figure 3.3.5:1 shows typical spectral density functions for a solid and for a liquid.
▲
(a) Solids
Integral area under the two curves is equal
(b) Liquids
(0=1/ tc (a)
Figure 3.3.5:1. Plot o f spectral density function for (a) Solids, 
which is characterised by long rc value and (b) liquids, which is 
characterised by short Tc value.
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The relationship between Ti, T2 and J(co) can be derived using time dependent perturbation 
theory, as was done originally by Bloembergen, Purcell and Pound [3.2]. It can be shown the rate 
of spin lattice transitions is proportional to J(coo)> the intensity of the fluctuating local fields at the 
resonance frequency. The relationship between Ti, T2 and xc can then be established, this is 
described by equations 3.3.5:5 and 3.3.5:6 and shown in figure 3.3.5:2.
3.3.5:5
^  = 2y2B Lf t /
■M l + COo^ c
— = y2b l(%i-
1 o 2 _ 21 + COqT
H
H
Rigid
lattice
limit
l o g  (Tc)
3.3.5:6
Equation 3.3.5:6 shows how the 
spin-lattice relaxation rate 
depends on the correlation time, 
tc, for the fluctuating local fields
and their intensity,T3L( t )  . In 
the “weak collision limit” the 
NMR spectral line shape is
Lorentzian. The Fourier
transform of a Lorentzian
function is an exponential 
function, hence the NMR signal 
will decay exponentially, which is 
consistent with Bloch’s theory. 
The NMR spectral line shape, 
g(v), for liquids is usually a 
Lorentzian function [3.35]. The Lorentzian function is described by equation 3.3.5:7, and the 
function is shown in figure 3.3.5:3(a). The width of the Lorentzian signal shape at half height is 
(71T2)-1.
Figure 33.5:2. Curves showing Ti and T2 as functions of 
correlation time, rc.
g<r) =
2 7 ; 33.5:7
1 + 4 7T2T f ( v Q- v y
For crystalline solids where the motion of each nucleus is constrained about an average position, 
each nuclear spin within the ensemble will experience a different local magnetic field. In 
crystalline solids tc —> 00, this is the “rigid lattice limit”. For crystalline solids the NMR signal 
shape can be described using the Gaussian function [3.35] given in equation 3.3.5:8, and the
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function is shown in figure 3.3.5:3(b). For a Gaussian function the separation between the two 
points of maximum slope is (7UT2)4.
g (v ) = 33 '5:8
>
V
Figure 33.5:3 (a) Lorentzian function; (b) Gaussian function.
3.4 NMR IMAGING THEORY
3.4.1 MAGNETIC FIELD GRADIENTS AND k -SPACE
The fundamental concept for separating NMR signals from different spatial regions was 
proposed by two independent groups, which then allowed NMR imaging to be developed. 
Lauterbur [3.17] and separately Mansfield and Grannell [3.18], both announced that since the 
resonance frequency is proportional to the strength of the static magnetic field, using a magnetic 
field gradient would make the resonant frequency depend on spatial position. In subsequent 
years, this basic concept has been exploited in a variety of ways to bring MRI to a high state of 
the art. A static magnetic field, B o k ,  can be made to vary in magnitude through space by applying 
a linear magnetic field gradient. The magnetic field gradient can have components along the x- 
axis, Gx(t), y-axis, Gy(t), or z-axis, Gz(t), as described by equation 3.4.1:1.
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^  t dB01 ^  t dB0l  ^  ,  ' d B 01 3.4.1:1
G xrt;  = — G / t ;  = — 2-k G z( t )  = — ± k
dx dy dz
If the three orthogonal magnetic fields are applied then spins at a point in space with position (x, 
y, z) will have a Larmor (angular) frequency, co(x, y, z, t), described by equation 3.4.1:2.
co(x, y, z, t) = y ( Bok + Gx(t)x + Gy(t)y + Gz(t)z) 3.4.1.-2
For an object with a spin-density distribution, p(x, y, z), the FID signal, S(t), after a R.F. pulse 
can be described by equation 3.4.1:3;
S(t) = fM0 J J Jp(x, y,z)exp(i27i(kxx + k yy + kzz))exp
3.4.1:3
dxdydz
Tx y z V 2 J
Where, f is a constant calibration factor that is dependent on the spectrometer, and kx, ky, aid kz 
are defined by equation 3.4.1:4.
k , = f - j G xrt;dt ky = i / G y(%)dt k z = x j Gzrt;dt '4
2% l  2n j 27t •
Equation 3.4.1:3 expresses a function of t in a triple integral, having the form of a 3-dimensional 
Fourier transform. At any moment in time, t, the value of kx, ky, and kz is known from equation 
3.4.1:4, and so S(t) can be written in the form of S(kx, ky, kz). Equation 3.4.1-.5 and 3.4.1-.6 define 
the Fourier pair p(x, y, z) and S(kx, ky, kz), which images the function p(x, y, z) in real space on a 
function S(kx, ky, kz) in “k-space”. The co-ordinates in k-space are kx, ky,and kz, which have the 
dimension m4.
S(kxk ykz) = fM0 JJJp(x,y,z)exp(i27t(kxx + k yy + k zz))exp| dxdydz 3.4.1:5
p(x,y,z) = fM0 |  J | s ( k x,ky,kz)exp(-i2jt(kxx + k yy + k zz))exp| - 1
kxkxkz v  j
dkxdkydkz
3.4.1:6
The NMR signal that is actually recorded is a function of time as described by equation 3.4.1:3, 
so to carry out the Fourier transform in equation 3.4.1:6, data must be acquired in a manner 
which allows all the necessary kx,ky,and kz values to be measured. All NMR imaging techniques 
differ only in terms of how the signal is collected by going through all the necessary values of k- 
space co-ordinates, kx, ky, and kz. Equation 3.4.1:4 implies data can be collected from the
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necessary co-ordinates in k-space by either moving through the magnetic field gradients, Gx, Gy, 
and Gz, or by moving through time, t.
3.4.2 THE FREQUENCY AND PHASE ENCODING 
TECHNIQUES FOR OBTAINING IMAGES OF OBJECTS 
IN I  DIMENSION
NMR preserves phase as well as intensity information. A spatial co-ordinate can be encoded as a 
frequency or as a cumulated phase. To produce a 1-dimensional profile or projection of an 
object only 1-dimension in k-space needs to be sampled, and so a gradient needs to be applied 
only in one direction, say along the x-axis. All the necessary data can be collected from the 1- 
dimension in k-space using either one of two main techniques. The first technique is called 
frequency encoding and it requires using a constant field gradient, Gx. Taking data at different 
time, t, after the R.F. pulse has been applied then collects points at different values of kx. The 
second technique is called phase encoding and it requires taking data at one particular time, t, 
after the R.F. pulse. The different values in along kx can be sampled by using different strengths 
of the magnetic field gradient, Gx. The R.F. pulse needs to be applied every time a new Gx value 
is used and so the phase encoding technique is slow in comparison to the frequency encoding 
technique, which requires only one R.F. pulse. The advantage of the phase encoding technique is 
that T2 relaxation is effectively “frozen” between data points, and this will be discussed later. 
With both techniques, a 1-dimensional Fourier transform of the data collected in k-space will 
produce a frequency spectrum, co(x), which will represent the projection, S(x), of the object. The 
projection, S(x),is proportional to the spin density in the plane perpendicular to the direction of 
the field gradient.
3.4.3 SLICE SELECTIVE EXCITATION
Slice selective imaging was first proposed by Garroway, Grannell and Mansfield [3.37]. In slice 
selective imaging, an R.F. pulse with a relatively long duration, xp, is applied to the sample in the 
presence of a constant linear field gradient. The R.F. pulse applied, in slice selective imaging, has 
a narrow frequency band. In the presence of a linear and constant magnetic field gradient only 
nuclei in a particular slice, which has a cross-section that is perpendicular to the field gradient 
direction, will be in resonance. The width, Ar, of the selected slice in the sample with the excited 
nuclei is given by equation 3.4.3:1.
4tt 3.4.3:1
Ar = --------
yG tp
Equation 3.4.3:1 implies, the width of the selected slice along the gradient direction can be
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decreased by increasing the field gradient or by increasing the R.F. pulse duration. Different 
slices in the sample can be selected by either translating the sample perpendicular to the direction 
of the field gradient or by changing the frequency band of the R.F. pulse.
3.4.4 IMAGING TIME, SAMPLING RATE AND ALIASING
NMR imaging time depends firstly, on how long it takes to collect the data to reconstruct an 
image. Secondly, NMR imaging time depends on the number of image repetitions required 
achieving the necessary signal to noise ratio (S/N). The entire continuous analogue signal is not 
stored in computer memory. The computer uses a process called sampling to store a discreet 
number of the total analogue signal. The image is reconstructed from the sampled data using the 
“Fast Fourier Transform (FFT)” algorithm, which carries out discrete Fourier transforming
[3.28]. The rate of sampling determines the accuracy of the reconstructed image. If the rate of 
sampling is increased the data points are closer to each other and more data points are stored but 
elaborate electronics is required to carry out the rapid sampling. The time required to collect data 
to reconstruct a single image is called the acquisition time, taq. To improve the signal to noise 
ratio, the R.F. pulse sequence can be repeated after a period called the repetition time, trep. The 
repetition time should allow for thermal equilibrium, which means trep should be about 5Ti. 
After a period of 5Ti following an R.F. pulse, 99.3% of the magnetisation is in parallel with Bok 
again and ready to be used for the next pulse sequence. The data from the repeated pulse 
sequence can be co-added to the first set of data, in the same channels of the computer.
With phase-sensitive detection, pairs of data corresponding to the imaginary and real 
signal can be recorded simultaneously in the computer. The interval between the pairs of data 
points is known as the dwell time, td. If N  is the total number of pairs of data that are recorded, 
then taq=Ntd by definition. The frequency (1/2ta) is called the Nyquist frequency. With phase 
sensitive detection the frequency range that can be unambiguously recorded by a NMR 
spectrometer is between vc-(l/2td) and vc+(l/2td), where vc is the R.F. carrier frequency. When 
phase sensitive detection is used, the carrier frequency, vc, is placed at the centre of the image 
field of view [3.19]. If any part of the object has a frequency higher than the upper limit of the 
range, say at vc+(l/2td)+f, then a image artefact will occur as a fold-back at frequency vc-  
(1/2td)+f. Conversely, if the object has a frequency smaller than the lower limit of the range, say 
at vc — (1/2ta)—f, then an image artefact will occur as a fold-back at vc + (l/2td)-f. Image artefact 
appearing due to fold-back in this way is called aliasing. If aliasing occurs, then relating the image 
to the object becomes very difficult. To prevent aliasing it is best to keep the dwell time as small 
as possible, and make the necessary increase in N. How small the dwell time, td, can be made 
depends mainly on the electronics of the spectrometer and the pulse sequence used. Aliasing 
also can occur if the object is too large, or if the object is positioned off centre from the field
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of view. Noise can also be aliased into the image, and so low pass filters are used to minimise 
noise from the image.
3.4.5 SPATIAL RESOLUTION
The spatial resolution can be defined as the smallest distance between two points in the object 
that can be distinguished in the image. If the magnetic field gradient, G, was zero then the object 
would produce a single spectral line with a width equal to (7tT2)4. Two points that are separated 
by a distance, Ar, can be resolved if the difference of the resonance frequency between them is 
greater than (71X2)4.
yGAr 1 3.4.5:1
271 7lT2
Two points with a separation, Ar, are resolved by NMR imaging if the condition in equation 
3.4.5:2 is fulfilled.
2 3.4.5:2
Ar > --------
tg t 2
The resolution improves with increasing magnetic field gradient, G. There is no theoretical lower 
limit to what can be achieved, just a practical one of decreasing sensitivity. As the number of 
image points is increased, so the amount of material contributing signal to each point is reduced. 
In conventional imaging techniques, the resolution of the image is approximately equal to the 
wavelength of the radiation used. In NMR imaging the co-ordinates in k-space kx, ky, aad kz 
corresponding to harmonics (sine or cosine functions) that make up the image, can be used to 
describe pseudo wavelengths, Xx, Xy, and Xz.
X X X 3.4.5:3
‘ ~ k /  ' " k /  z “ k z
In analogy with conventional imaging techniques, the resolution of a NMR image is equal to the 
smallest pseudo wavelength, A.min, of the image. The resolution, R, of a NMR image can be 
deduced from the largest sampled value in k-space, kmax.
271 3.4.5:4
R  =  l  =
k max
The greater the value of k that can be sampled the better is the resolution.
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3.5 BROADLINE NMR IMAGING
3.5.1 THE PROBLEMS AND ORIGINS OF BROAD NMR LINES
The NMR spectral lines from solids are very broad compared to those from liquids, and this 
makes high resolution NMR imaging of solids veiy difficult to achieve. The H 1 NMR spectral 
lines of solids are broad because (ftT^'Ts large, and this occurs due to inter-nuclear dipole-dipole 
interactions. To acquire images of solids with the necessary resolution either the broad NMR 
spectral lines must be narrowed, or a high magnetic field gradient must be applied. In the 
conventional method of imaging pulses of radio waves are applied to the object and a free 
induction decay (FID) is recorded in the presence of a magnetic field gradient. For broad-line 
imaging, if the magnetic field gradient is made large enough to obtain the necessary spatial 
resolution then the duration of the FID signal becomes very short because of the short T2 
inherent in solids. Problems arise with a short T2 because the time taken for the field gradient to 
stabilise is relatively long in comparison with the T2, requiring the gradient to be switched on 
before the radio frequency pulse. The radio frequency pulse duration must be short enough to 
cover the large spectral range produced by the field gradient. The NMR imaging equipment is 
often the limiting factor in broad-line NMR imaging as it is often necessary to produce high 
magnetic field gradients, fast gradient switching and rapid data sampling.
3.5.2 A N  OVERVIEW OF BROAD-LINE NMR IMAGING 
TECHNIQUES
There are various techniques that are being developed for broad-line NMR imaging and these are 
described briefly in this section, but only the constant time imaging technique is used for the 
work presented in this thesis. The particular version of the constant time imaging technique that 
has been used for the study on cement-mortar is called SPRITE, and it is described in detail at 
the end of this section.
3.5.2.1 Magic Angle Spinning (MA S)
The molecular tumbling motion in liquids can be simulated in a solid to make its NMR spectral 
line narrower. This is done by spinning the solid sample about an axis inclined at the “magic 
angle” of 54°44’ relative to the main field, Bo. To utilise the MAS method in imaging, a rotating 
field gradient must be generated and synchronised with the sample rotation [3.21]. To remove 
the dipolar line broadening using MAS the sample must be rotated at rates greater than the static 
line width of the sample. This technique is not suitable for in-situ diffusion measurements 
because the sample has to be rotated.
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3.5.2.2 Multiple pulse line narrowing
Multiple-pulse sequences can be designed to remove broad NMR lines. In the time suspension 
sequence a string of radio-frequency pulses are applied to the spin system in such a way that the 
time evolution of all the spin interactions appears to halt hence resulting in a single narrow (few 
tens of Hz) resonance line [3.22]. To encode the spin’s location and obtain an image of the 
object, pulses of magnetic field gradients can be applied between specific radio frequency pulses
[3.23]. In the multiple pulse line narrowing technique the resolution is limited by the 
reintroduction of line broadening due to resonance offsets induced by the magnetic field gradient 
present between certain R.F. pulses [3.24].
3.5.2.3 C W  NMR Imaging
In the CW NMR experiment, a resonator is used to apply a constant single frequency of radio 
waves to the sample of protons. A first derivative spectrum of the object’s projection in one 
dimension can be obtained by placing the object in a magnetic field gradient and scanning 
through the region of resonance with a modulated magnetic field [3.25]. Over a period of time 
the frequency of the radio waves can shift hence a stationary object would appear to be moving if 
the projections are not corrected for frequency shift errors. Diffusion measurements over a long 
period of time would be difficult with this technique, as the frequency shift error would have to 
be estimated and corrected for each projection of the object.
3.5.2.4 Stray field imaging
In the stray field imaging (STRAFI) technique, the sample is placed in the magnetic field gradient 
present outside the central field region of the main static magnetic field. The stray field of a 
super-conducting magnet can be between 10 - 100 Tnr1, allowing resolution of all broad spectral 
lines [3.26]. To image an object using STRAFI a pulse of waves containing a small band of radio 
frequencies is applied to excite nuclei in a small slice perpendicular to the field gradient direction. 
A one-dimensional projection of the object can be obtained by translating the object along the 
field gradient direction. The STRAFI technique works best with small samples. An in-situ 
diffusion measurement of water transport through cement-mortar is difficult with STRAFI 
because the sample would have to be moved during data collection.
3.5.2.5 Oscillating field gradients
In the oscillating field gradient technique the magnetic field gradient is modulated with a 
sinusoidal function and applied to the spin system [3.27]. The amplitude of the sinusoidal 
magnetic field gradient is made large enough to give the desired image resolution. A 90° radio
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frequency pulse is applied every time the field gradient is in the zero point of its oscillation hence 
avoiding the need to produce a very short RF pulse to cover the whole of the spectral range. 
After one period of the field gradient oscillation, the spins are refocused to produce an echo FID 
signal. To form an image from the echo a method of non-linear sampling is used to correct for 
the variation of the field gradient during data collection [3.27]. The oscillating field gradient 
technique has been used to image porous materials in the past [3.33], but due to technical 
problems the oscillation period is limited hence there is a limit to the resolution that can be 
achieved with the technique.
3.5.2.6 Constant Time Imaging
The constant time imaging technique (CTI), also known as the single point imaging (SPI) 
technique was proposed by Emid and Creyghton [3.29]. In the CTI technique a short R.F. pulse 
is applied after the field gradient is switched on. The magnetic field gradient switching time can 
be greater than the spin-spin relaxation time. The CTI technique is illustrated by figure 3.5.2:1.
R.F. e
TR
Gzk
Figure 3.5.2:1. Constant time imaging sequence for acquiring a one-dimensional 
profile. Only eight gradient switches are shown which corresponds to eight data 
points in the profile. In practice, there would be 64 or 128 gradient switches and the 
profile would have 64 or 128 data points in the profile respectively.
Since the RF pulse is applied while the gradient is on, the R.F. pulse duration, tp, is made short 
enough so that it irradiates the entire distribution of frequencies introduced by the gradient. The 
duration, xp, of the R.F. pulse must satisfy equation 3.5.2:1, where Gmax is the maximum magnetic 
field gradient applied during the sequence, and rmax is the length of the sample.
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One gradient switch and R.F. pulse is associated with each experimental point, and all spatial 
information is obtained using phase-encoding gradients. The magnetisation is measured by 
sampling each FID at a single point after fixed time duration, tp, after the RF pulse has been 
applied. With each repetition of the pulse, the magnitude of the applied gradient is incremented 
so that the necessary k-space can be sampled. The data in k-space are Fourier transformed to 
produce an image of the object. The CTI technique uses only phases encoding gradients and so 
the images have no line-width restriction on resolution, which is inherent to frequency encoding 
techniques. The resolution of the CTI technique is limited only by the maximum gradient that 
can be applied to the sample. The resolution, Ren, which can be achieved by the CTI sequence, 
is given by equation 3.5.2:2.
1 3.5.2:2
tmax p
The simple CTI sequence shown in figure 3.5.2:1 is associated with prolonging imaging times and 
excessive magnetic field gradient vibrations. Several variations of the CTI technique have been 
developed [3.30 - 3.32], but the one that works best for imaging cementitious materials is the 
SPRITE (Single Point Ramped Imaging Ti Enhancement) sequence proposed by Balcom et al. 
[3.32]. The SPRITE sequence, illustrated by figure 3.5.2:2, is faster than the SPI sequence. The 
SPRITE sequence is also less prone to the problems associated with rapid and intense gradient 
switching pulses than the SPI sequence because the gradient is ramped in discrete steps instead of 
being switched on and off for acquisition of each data point. Gradient vibration is also lower for 
SPRITE than for SPI because of the lower overall dB/dt that is used. The shape of the gradient 
ramp determines the route of the k-space trajectory. Figure 3.5.2:2(a) shows the linear gradient 
ramp where the trajectory starts and ends at the extremes of k-space, and the origin of k-space 
occurs in the middle of the trajectory.
The variation of SPRITE that has been developed at the University of Surrey for the 
work presented in this thesis is the zigzag ramp shown in figure 3.5.2:2(b). With the zigzag ramp 
the trajectory starts and ends close to the origin of k-space, and this avoids switching of large 
gradients hence minimises induced currents in the gradient amplifier. After sampling k-space 
with the zigzag variation of SPRITE, the data points have to be rearranged so that they are in the 
correct order before Fourier transforming. The signal intensity, S, of the SPRITE sequence is 
given by equation 3.5.2:3 [3.32], where p is the local proton density, TR is the time between the 
R.F. pulses or the gradient step time, and a  is the flip angle of the broadband R.F. pulse.
CTI — 2yG
S = p exp
f - t
v T2 ,
1 - e x p
^ - t r a
T,
1 -  cos a  • exp
( -T R
T,
■sin a
3.5.2:3
Equation 3.5.2:3 is based on the assumption that successive R.F. pulses are applied after the 
magnetisation has completely de-phased, to prevent the formation of echoes, and that the R.F. 
pulse bandwidth is large enough, to ensure uniform magnetisation rotation angles throughout the 
sample at all gradient values. It is possible to get Ti and T*2 contrast in images with the SPRITE 
sequence. Based on equation 3.5.2:3, if a long value of TR, and/or a small R.F. flip angle, a , is 
used then the signal, S, is simply:
S « pexpG O
v f ,
3.5.2:4
sin a
By choosing appropriate encoding time, tp, it is possible to obtain T*2 weighted images of nuclear 
spin. In other words, with the SPRITE sequence it is possible to discriminate between spins with 
different T*2, in the images. For example if a long enough value of tp and TR is used then the 
SPRITE image would be a map of nuclear spin with only long T*2, and any nuclear spin in the 
object with short T 2 would not show up in the image. To get Ti weighted images a large R.F. 
flip angle should be used with TR in the order of Ti.
R.F.
TR
G7k
(a) The linear ramp
Gzk
(b) The zigzag  ramp
Figure 3.5.2:2. SPRITE sequence for acquiring a one-dimensional profile. Only eight 
gradient steps are shown which corresponds to eight data points in the profile. In practice, 
there would he 64 or 128 gradient steps and the profile would have 64 or 128 data points in 
the profile respectively.
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3.6 NMR INSTRUMENTATION
3.6.1 THE COMMON COMPONENTS IN  A PULSE NMR 
SPECTROMETER
All pulse NMR systems are similar. Figure 3.6.1:1 shows a block diagram to illustrate the 
essential components in a NMR system [3.34]. All spectrometers require a transmitter for 
generating the Bii R.F. field and a preamplifier-receiver-detector unit for measuring the NMR 
signal. NMR spectrometers must also have a sample probe to contain the sample and to couple 
the sample to both the transmitter and the receiver. A description and purpose of the main 
components in a NMR system is given in table 3.6.1:1.
Gradient
driver
Transmitter
ReceiverProbe
Display
c.p.u.
Data Storage
Pulse
programmer
Gradient
controller
x,y, z
Gradient
coils
Magnet
Figure 3.6.1:1. Block diagram to show the essential components in a NMR system.
[From P.G. MORRIS. Nuclear Magnetic Resonance in Medicine and Biology. Clarendon Press, Oxford. (1987) p p  190]
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HARDWARE PURPOSE
Magnet Produce a uniform and static magnetic field, Bok, across the 
sample.
Gradient Coils Generate a spatially varying magnetic field across the sample.
Gradient controller, 
gradient driver
To transform a small input signal into required larger current, 
which goes through the gradient coils.
R.F. transmitter/receiver 
coil (also called the sample 
probe)
Transmits the R.F. magnetic field, Bii, into the sample, and 
receives the analogue R.F. signal induced by the precessing 
magnetisation.
Transmitter Drives a current through the sample probe to create the 
oscillating R.F. magnetic field.
Receiver The receiver unit first amplifies the signal received from the 
sample. Until the signal goes through the amplifier, it is 
susceptible to noise. The signal is then demodulated to remove 
R.F. transmitter frequency, and this is equivalent to observing the 
signal in the rotating reference frame. Two phase-sensitive 
detectors allow phase sensitive detection of the signal to produce 
the real and imaginary components. This allows both the 
amplitude and the phase of the NMR signal to be measured.
The Computer system. The central processor unit (c.p.u.) runs the experiment. The pulse 
programmer contains software that allows all the signals to be 
sent at the appropriate times to produce the R.F. pulses and 
gradient switches. The data is stored in computer memory. The 
demodulated real and imaginary parts of the signal can be seen on 
the visual display unit.
Table 3.6.1:1. The purpose of the main components in a NMR system
3.6.2 THE NMR INSTRUMENTS USED FOR STUDYING 
CEMENT-MORTAR
Two different NMR instruments have been used for the work presented in this thesis. The two 
NMR instruments used are both located at the University of Surrey physics department, and they
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will be referred to as the “broad-line MRI system”, and the “bench-top system”. Both the broad- 
line system and the bench-top system are suitable for doing pulse NMR experiments. Both the 
NMR systems were manufactured by “RESONANCE INSTRUMENTS”, and they both run on 
the MARAN™ (MAgnetic Resonance ANalyser) spectrometer and software.
3.6.2.1 The broad-line M RI system
The broad-line MRI system has a horizontal bore superconducting magnet with an internal 
diameter of 2 0 0  mm. The magnetic field strength, B o k ,  produced by the horizontal bore magnet 
is 0 . 7  T, which corresponds to a H 1 resonance frequency of 2 9 . 8  MHz. The gradient coils and 
the sample probe is fitted inside the horizontal bore, and the internal diameter of the probe is 
~ 2 5  mm. The length of the horizontal bore is about 9 0 0  mm and the uniform NMR sensitive 
region inside the probe has a length of ~ 5 0  mm, which occurs approximately at the centre of the 
magnet bore. For the study on cement-mortar, this system has been used for imaging samples, 
and it has been used for taking bulk relaxation measurements of samples.
3.6.2.2 The bench-top system
The bench-top system has a vertical bore superconducting magnet that produces a static 
magnetic field strength, B o k ,  of 0 .5  T, which corresponds to a H 1 resonance frequency of 2 1 . 3  
MHz. The sample probe has an internal diameter of ~ 1 5  mm. For the study of cement-mortar, 
this system has been used for doing bulk relaxation measurements of samples inside test tubes.
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CHAPTER 4
CHARACTERISATION 
OF PORES IN CEMENT- 
MORTAR
4.1 INTRODUCTION
The durability and mechanical properties of concrete are dependent on the microstructure of the 
material [4.1, 4.2]. Although there have been many laboratory studies carried out on cement 
pastes there have been few studies carried out on concrete and mortar, to understand the 
microstructure of cement paste in the vicinity of aggregate. For example, it is still not fully 
understood how cement paste adheres to aggregate surfaces, hence, there is uncertainty regarding 
the pore sizes between the cement-aggregate interface. Conventional techniques such as mercury 
intrusion porosimetry (MIP) and gas adsorption are inadequate for characterising the 
microstructure during dehydration and repair of the material because they are invasive and 
destructive techniques. On the other hand, NMR relaxation analysis is a non-destructive and 
non-invasive technique that can be used to characterise the microstructure of the material in-situ. 
There have been numerous applications of NMR relaxation techniques to the investigation of 
microstructure in porous media [4.3, 4.4, 4.5]. The main advantage of using NMR to study 
cement-mortar over other characterisation techniques such as mercrny intrusion porosimetry 
(MIP) and gas adsorption is that NMR does not require diying of the material. Both techniques, 
MIP and gas adsorption can potentially destroy the fragile calcium silicate hydrate (CSH) gel.
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The relaxation rate of water in a cement-mortar pore is related to the surface-to-volume ratio of 
the pore, which fully characterises the pore [4.5, 4.6].
Section 4.2 of this chapter briefly describes the two techniques, mercury intrusion 
porosimetry and NMR relaxation analysis. Section 4.2 includes an explanation of how the NMR 
spin-spin relaxation rate or spin-lattice relaxation rate is related to the pore size distribution in 
cement-mortar.
The experimental work described in this chapter was carried out using cement-mortar 
samples. In section 4.3, cement chemistry is used to describe how pores develop during 
hydration in cement-mortar and the expected composition of fully hydrated cement-mortar with 
a range of initial water/cement (w/c) ratios is shown. Pore size distributions at different 
hydration times are shown in section 4.4, for a mortar sample with a free w /c  of 0.26, after taking 
NMR relaxation rate measurements using the bench top 20 MHz MARAN spectrometer.
Section 4.5 describes the results obtained after NMR relaxation rate measurements were 
carried out on a range of 54 days cured mortar samples with a sand:cement:water ratio of 
3:1:0.26, 3:1:0.36, 3:1:0.46, 3:1:1:0.56 and 3:1:0.66, using the 30 MHz MARAN spectrometer and 
horizontal bore magnet. The relationship between pore size and w /c ratio is presented in section 
4.5, for the mortar samples before and after drying.
4.2 CHARACTERISATION TECHNIQUES FOR 
POROUS MATERIALS
4.2.1 MERCURY INTRUSION POROSIMETRY (MIP)
Mercury intrusion porosimetry (MIP) has been used to study the microstructure of hardened 
cement pastes and concrete for more than three decades [4.7 - 4.10]. The details of the MTP 
technique can be read in the references given above but briefly, the technique works by placing 
the dry porous sample into a chamber, which is then evacuated. Mercury is allowed to fill the 
evacuated chamber so that it surrounds the sample. Pressure on the mercury is gradually 
increased and the mercury is first forced into the capillary pores on the surface of the sample. 
With even higher pressures, if the capillary pore system is continuous it may be possible for the 
mercury to penetrate through the pore necks, into the bulk volume of the sample. If the capillary 
pore system is not continuous then the mercury may penetrate into the capillary pores of the 
sample by breaking through the pore walls.
By recording the pressures and the intrusion volume of the mercury, it is possible to 
estimate the size of the capillary pores in the material. It is also possible to estimate the total 
porosity of the sample, which is taken to equal the volume of mercury intruded at the maximum
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experimental pressure divided by the bulk volume of the sample before intrusion. The MIP 
technique is prone to errors because if there are any capillary pores that have narrow throats or if 
the capillary pores are isolated then mercury may not enter those pores. The total porosity values 
deduced using MIP would therefore be smaller than actual porosity values because the material 
may contain capillary pores that are too small or too isolated to be intruded by mercury. With 
the MIP technique, it is assumed that capillary pores become narrower with depth although some 
capillary pores actually have a construed entrance, which distorts the value of porosity deduced 
[4.11, 4.12]. MIP does not provide a true pore size distribution because the mercury must pass 
through the narrowest pores connecting the pore network [4.10]. The MIP technique cannot be 
used to characterise gel pores in concrete or cement-mortar because gel pores are too small for 
mercury intrusion.
4.2.2 MAGNETIC RESONANCE RELAXATION ANALYSIS
The relaxation rate of a fluid near the solid surface is higher than the intrinsic relaxation rate of 
the fluid in the bulk. Proton NMR techniques can be applied to investigate simultaneously both 
capillary and gel pores in cement-mortar that are filled partly or wholly with water. The 
relaxation rate is enhanced for water molecules within a distance, X, from the surface. The 
increased rate of relaxation at the surface can be attributed to hindered rotation of the water 
molecule and mainly to attractive dipole-dipole interactions at the solid surface [4.13]. The 
dipole-dipole interaction is short ranged, so X is approximately equal to the thickness of the 
surface hydrate layer [4.14], which is taken to be ~3 A [4.4, 4.15]. Water, which is at a distance 
greater than X from the solid surface, should have a relaxation rate that is equal to the intrinsic 
bulk relaxation rate, in the absence of diffusion. In practice however, diffusion will allow fast 
exchange between the water molecules within X from the surface and the water molecules in the 
bulk, assuming the molecules do not become chemically bound to the surface [4.13]. Even 
without exchange of nuclei between the surface and the bulk, spin-diffusion can be effective. 
The measured longitudinal or transverse relaxation rate is therefore to first order approximation, 
equal to the average of the fluid inside the pore and it is given by equation 4.2.2:1 [4.5, 4.6, 4.16, 
4.17, 4.18].
1 _  1 S__^_ 4.2.2:1
’p o b s  rp B  'j-'S
Where, k is 1 or 2 depending on whether the measured relaxation rate is longitudinal or 
transverse respectively. The measured relaxation rate of the pore fluid is l/T kobs, S is the pore 
surface area and V is the pore volume. In equation 4.2.2:1, l/TkB is the intrinsic relaxation rate 
of the fluid, which is at a distance greater than X from the solid surface. Finally, 1/Tks is the
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relaxation rate of the fluid adsorbed to the solid surface or at a distance less than X from the solid 
surface.
For water in a pore of cement-mortar l/TkB «  SA./VTks and so equation 4.2.2:1 can be
Where, r is the radius of the pore. The relaxation rate, 1/Tks, of the surface adsorbed water is 
expected to be equal to the relaxation rate of the chemically bound water [4.13]. The value of T2S 
for chemically bound water is approximately 17 ps [4.4, 4.13]. Equation 4.2.2:3 can therefore be 
used to estimate the radius of the pore from the measured relaxation rate, l/Tkobs.
Cement-mortar is expected to have a pore system that is inhomogeneous, where the 
pores have a distribution of size and shape, hence, the pores will have a distribution of surface- 
to-volume ratios. Equation 4.2.2:3 can be applied to obtain the pore size distribution in the 
porous material, assuming the pores have narrow throats so that diffusion between pores is 
restricted and is negligible during the duration of the NMR pulse sequence. The CPMG pulse 
sequence that is employed has an echo time of 20 ps and the diffusion coefficient of water is 
estimated at ~ 10'5 cm2?1, therefore capillary pores with a size >0.5 pm can be correctly 
measured. On the other hand, measurement of any capillary pores that have a size <0.5 pm can 
be prone to error if there is significant exchange of water between adjacent capillary pores during 
the NMR pulse sequence. Gel pores are assumed to be closed and therefore diffusion of water 
between gel pores is assumed to be negligible, hence, the size gel pores can be deduced using this 
technique. It is also assumed the surface relaxation rate and range of the surface interaction are 
both constant throughout the sample.
The spin-spin relaxation rate is measured rather than the spin-lattice relaxation rate 
because the former can be measured more quickly and can, hence, provide more detail of the 
pore structure. The NMR echo signal, S(t), measured at time t, using a CPMG pulse sequence, 
will be a superposition of the NMR signals from water in pores with different surface-to-volume
simplified to;
1 X 4.22:2
4.2.2:3
ratios.
4.2.2:4
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In equation 4.2.2:4, S(0) is the NMR signal at time 0 and P(T2obs) is the distribution 
function for the relaxation times, T2obs, of water in the pores. P(T2obs) is defined as proportion of 
the echo amplitude that is contributed by water with a spin-spin relaxation time between T2obs 
and (T2obs + dT2obs). The distribution function, P(T2obs), is characteristic of the microstructure in 
the material and it can be evaluated by numerical inversion of the measured NMR echo signal, 
S(t).
There is always a technical problem regarding inversion of data that has a finite signal-to- 
noise ratio because the solution is non-unique. The numerical inversion of the NMR echo signal 
can be performed using the CONTlN program designed by Provencher [4.19, 4.20]. The 
CONTlN program produces a set of possible solutions to the multi-exponential echo signal by 
computing amplitudes for N  pre-selected relaxation times with equal interval in time or in log­
time by incorporating the principle of parsimony. CON 11N attempts to automatically select a 
solution that is the best compromise between a stable solution and an adequate model.
4.3 CEMENT CHEMISTRY
The mortar samples, which were used for carrying out the experiments described in this chapter, 
were all manufactured with Ordinary Portland Cement (OPC) as binder. When OPC is mixed 
with a sufficient amount of water a supersaturated solution of Ca(OH)2 is produced, which also 
contains precipitates of calcium-silicate-hydrate (CSH). The CSH precipitates formed after 
mixing the OPC and water hardens with time. It is estimated, approximately 0.4 g of water is 
required to fully hydrate 1 g of OPC. Of the 0.4 g of water required for hydrating 1 g OPC 
approximately 0.25 g of the water chemically binds with the cement particles and is non- 
evaporable. The other approximately 0.15 g of water is present inside the gel pores and it is 
called gel-water. Hydration can only occur when there is sufficient water available for chemical 
binding and for filling gel pores. Gel water cannot move into the capillaries and so it is not 
available for hydration of the still unhydrated cement [4.21, 4.22,4.3,4.23].
Chemically bound water is non-evaporable and undergoes a 25% reduction in volume 
[4.21, 4.22, 4.3, 4.23]. The decrease in volume that occurs during hydration causes empty 
capillary pores to be formed, which are distributed throughout the cement paste. Gel water is 
located within voids in the hydrated cement paste and it can evaporate out of the mortar when 
exposed to high temperatures (> 40° C). Excess water, which is not used in the hydration 
process, forms the capillary water and it can evaporate out of the mortar at moderate 
temperatures (~40°C).
Based on the above information, the composition of fully hydrated mortar samples with 
a sand:cement:water ratio by mass of 3:1:0.26, 3:1:0.36, 3:1:0.46, 3:1:0.56 and 3:10.66, calculated
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as % mass and % volume are shown in figure 4.3:1 and 4.3:2 respectively. Figure 4.3.2 was 
produced assuming the specific gravity of sand is 2.5 gem-3 and the specific gravity of cement is 
3.15 gnr3.
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Figure 4.3:1. Calculated com position expressed as percentage m ass, for fully hydrated  
m ortar sam ples with a sand:cem ent:water ratio o f  (a) 3:1:0.26, (b) 3:1:0.36, (c) 3:1:0.46, (d) 
3:1:0.56 and (e) 3:1:0.66.
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Figure 4.3:2. Calculated com position expressed as percentage volume, for fully hydrated  
m ortar sam ples with a sand:cem ent:water ratio o f  (a) 3:1:0.26, (b) 3:1:0.36, (c) 3:1:0.46, (d) 
3:1:0.56 and (e) 3:1:0.66.
4.4 CHACTERISATION OF PORE STRUCTURE 
IN CEMENT-MORTAR DURING THE 
EARLY STAGES OF HYDRATION
4.4.1 SAMPLE PREPARATION
A mortar sample with a sand:cement:water ratio of 3:1:0.26 was manufactured to carry out 
relaxation rate measurements using a bench top NMR spectrometer during the early stages of 
hydration. The mortar sample was manufactured with a low water/cement (w/c) ratio so that 
the gel and capillary pore water can be identified in the T2obs distribution profile. After 
approximately 28 days, it is expected very little capillary water will remain in the mortar because 
most of the water should be used up in the hydration and be converted to gel and chemically 
bound water (see figures 4.3:1 and 4.3:2). The mortar sample was manufactured by measuring 
into a test tube {Wilmad NMR test tube diameter 10 mm, length 18 mm} 3 g of 1.18 mm down 
Thames Valley river sand, 1 g Ordinary Portland Cement BS12 binder and 0.3 g distilled water. 
The amount of water used in the mortar mix was measured to allow for 1.47% moisture 
absorption by the sand (see section 1.4). Immediately after measuring the sand, water and OPC 
into the test tube, the mortar sample was vigorously shaken to allow mixing. The length of the 
mortar samples in the test tube was "4 cm. A glass rod was placed into the test tube and the 
sample was sealed using quick set epoxy adhesive. The mass of the sample was recorded every 
time a new set of NMR data was acquired.
To calibrate the NMR signal intensity and allow the volume fraction of water in the 
samples to be deduced, a calibration sample was prepared with a known volume fraction of 
water. The calibration sample contained H2O {0.627 g distilled water} and D 2O {2.048 g} 
mixed in a test tube {Wilmad NMR test tube diameter 10 mm, length 18 mm}. The calibration 
sample was composed by volume of "25% H 2O and "75% D 2O. The calibration sample did 
not contain 100% H2O to prevent saturation of the NMR signal.
4.4.2 DATA ACQUISITION
Proton NMR relaxation rate measurements were carried out on the samples using the 20 MHz 
MARAN spectrometer (see section 3.6.2.2) at 20 °C. A home built temperature control device 
was used to maintain a constant temperature and the samples were allowed to acquire thermal 
equilibrium before data was recorded. A FID and an echo profile were acquired using a single 
90° pulse and the Carr-Purcell-Meiboom-Gill (CPMG) pulse sequence respectively. Data were 
acquired at hydration times of 1 hour, 7 hours, 12 hours, 24 hours, 48 hours, 72 hours (3 days), 
"336 hours (14 days) and "672 hours (28 days) for the mortar sample with w /c ratio of 0.26.
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Table 4.4.2:1 shows details of the parameters used for acquiring the relaxation rate data from the 
mortar sample and the calibration sample. »
Parameter CPMG to 
acquire data 
from calibration 
sample
CPMG to 
acquire data 
from cement- 
mortar sample
FID to acquire s 
data from 
cement-mortar 
sample
resonance frequency 20 MHz 20 MHz 20 MHz
90° R.F. pulse duration 2.7 [rs 2.7 [is 2.7 [is
180° R.F. pulse duration 5.4 [is 5.4 [is -
Dead time 16 [is 16 [is 8 [is
Echo time, 2x (see figure 3.2.8:1) £000 [is 4-0 [is -
Number of CPMG even echoes recorded 4096 4096 -
Dwell time 1 ps 1 [IS 1 |IS
Number of points in FID - - 1024
Relaxation delay time between repetitions 25 s 1 s 1 s
Number of repetitions 128 1024 128
Table 4.42:1. Details of the parameters used to acquire relaxation rate data from cement- 
mortar sample during the early stages of hydration and details of the parameters used to 
acquire relaxation rate data from calibration sample.
4.4.3 RESULTS AND ANALYSIS
4.4.3.1 Calibration o f the NM R signal
The CPMG echo data collected from the calibration sample, which contains a mixture of H 2O 
(0.627 g) and D 2O (2.048 g) is shown in figure 4.(.3:1. The NMR echo signal per repetition, S(t), 
shown in figure 4.4.3:1, was numerically inverted using CONTlN [4.19, 4.20] to produce the 
differential, dS(t)/dLogio(T2), as a function of Logio(T2), which is shown in figure 4.4.3:2. The 
integral area under the curve in figure 4.4.3:2 is approximately 1000 arbitrary units (a.u.), which is 
equal to the amplitude of S(t). The calibration sample contains 25.3 ± 0.3% H 2O by volume. 
The calibration factor for converting S(t) to % volume of H 2O, %V, is therefore approximately 
0.025 ± 0.005%. This factor was used to transform the function in figure 4.4.3:2 into the profile 
in figure 4.4.3:3, which shows the differential % volume of H2O, d%V/dLogio(T2) as a function
77
of LogioCtV). Figure 4.4.3:3 shows two peaks, which occur at T2 values of ~ 3 s and ~6 ms. The 
integral area under the curve in figure 4.4.3:3 is 25.3 %, which corresponds to the total % volume 
of H2O in the calibration sample.
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Figure 4.43:1. CPM G echo signals from  calibration sam ple , which contains a  
mixture o fH 2Q  (0.627g) and D 2Q  (2.048 g).
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4.4.3.2 Characterisation o f pores in mortar sample with sand:cementwzter ratio 3:1:0.26
It was expected that the FID data should contain signal from the chemically bound water and 
signal from the gel and capillary water. The chemically bound water was expected to have a high 
relaxation rate that is in the rigid lattice limit and can be extrapolated best by using a Gaussian 
(see section 3.3.5) fit to the free induction decay envelope. On the other hand, the gel and 
capillary water was expected to have a relaxation rate that is best described by an exponential 
function. A function with a Gaussian and exponential term was therefore fit to the FID data, 
which was collected from the mortar sample at different times of hydration. The fit to the FID 
data was carried out using the scientific plotting and data analysis software “EasyPlot™”. The 
EasyPlot™ software computes the unknowns A, B, C and D in equation 4.4.3:1 using a least- 
square fitting routine and iterative process, after taking initial guesses to the values of the 
unknowns.
y = A e x p ( - x /B )  + C e x p (-x 2 / D 2) 4.4.3:1
Term A in equation 4.4.3:1 when evaluated is expected to give the amplitude of the NMR signal 
per repetition of the gel plus capillary water in the mortar sample. The value for T2* of both the 
gel and capillary water is given by term B in equation 4.4.3:1 but it does litde more than 
characterise the magnet. The gel and capillary water is better characterised using T2 values 
acquired using the CPMG pulse sequence, which will be discussed, later in this section. Terms C 
and D in equation 4.4.3:1 gives the values of amplitude and T2 respectively for the chemically 
bound water in the mortar sample. For chemically bound water, I/T 2 »  l /T 2llilom (see section
3.2.5.2), hence, the 
value for T2 of 
chemically bound 
water can be directly 
evaluated from the 
FID. As an example 
of the analysis 
procedure the FID 
data recorded from 
the mortar sample 
with w /c  ratio of 0.26 
after 1 hour of curing 
is shown in figure 
4.4.3:4. The fit to the 
FID data is also 
shown in the figure as
800
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Figure 4.43:4. FID signal from mortar sample with initial w /c  
ratio of 0.26 acquired 1 hour after hydrating. The circles show 
the recorded data and the solid line is a least squares f it of the 
data to an equation with an exponential and Gaussian term.
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a solid line. Due to the dead time of the spectrometer, the first data in the FID is recorded 9 fis 
after the 90° pulse. The fit to the data is therefore projected to zero time to find the correct 
amplitude of the NMR signal.
Figure 4.4.3:5 shows a summary of the amplitude values, evaluated from the fit to the 
FID data recorded during the hydration of the mortar sample with w /c  of 0.26. Figure 4.4.3:5(a) 
and 4.4.3:5(b) show the amplitude values of the Gaussian and exponential components 
respectively. Figure 4.4.3:5(c) shows the total amplitude of the FID data. The mortar sample 
was sealed and its mass was recorded throughout the first 28 days of hydration. The total mass 
of the mortar sample remained constant at 4.290 + 0.005 g. It was therefore expected that the 
total FID amplitude shown by figure 4.4.3:5(c) should also have remained constant since no 
water evaporated out of the sample. The reason the curve in figure 4.4.3:5(c) fluctuates is that 
the susceptibility of the sample and probe tuning changed during the hydration. The mean value 
of the total FID amplitude, calculated using the data shown in figure 4.4.3:5(c) is 600 ± 40. The 
curves shown by figures 4.4.3:5(a), 4.4.3:5(b) and 4.4.3:5(c) were all normalised to the mean value 
of the total FID amplitude and the result is shown by figure 4.4.3:5(d), 4.4.3:5(e) and 4.4.3:5(f) 
respectively. It was expected that the amount of bound water would increase and the amount of 
gel plus capillary water would decrease, with increasing hydration time. Figure 4.4.3:5(e) and 
figure 4.4.3:5(f) generally shows the Gaussian amplitude is increasing and the exponential 
amplitude is decreasing respectively, which implies chemically bound water increases and the sum 
of gel and capillary water decreases as the hydration proceeds. Figure 4.4.3:5 therefore shows 
results that were expected based on the cement chemistry calculations discussed in section 4.3.
The normalised amplitude values shown in figure 4.4.3:5 were calibrated (see section
4.4.3.1), to produce figure 4.4.3:6, which shows the amount of water in the mortar sample with 
w /c ratio of 0.26, quantitatively. Figure 4.4.3:6(a) shows the percentage volume of chemically 
bound water before and after 25% shrinkage, as a function of hydration time. According to 
figure 4.4.3:6(a), the volume of chemically bound water is 7 + 2% after 28 days of curing, which 
is in agreement with calculations based on cement chemistry (see figure 4.3:2). The FID results 
imply all of the water, in the mortar sample with w /c  ratio of 0.26 has been used in the hydration 
process within 28 days. The %volume of chemically bound water measured was expected to be 
slightly greater than the actual amount because some signal from the capillary and gel water is 
likely to be lost due to diffusion in susceptibility gradients. The volume of evaporable water, 
which includes gel water plus capillary water, is shown in figure 4.4.3:6(b) and it decreases from 
10 ± 3% at 1 hour of hydration to 6 ± 1% at 28 days of hydration. The total volume of water, 
before and after taking into account shrinkage of the chemically bound water, as a percentage of 
the mortar volume is shown in figure 4.4.3:6(c). The volume fraction of water that is evaporable 
decreases from 0.7 + 0.1 at hour 1 of hydration to 0.5 + 0.1 at 28 days of hydration and this is 
shown by figure 4.4.3:6(d). Figure 4.4.4:6(d) also shows the mass fraction of water that is
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evaporable. The mass and volume fraction of water that is non-evaporable is shown by the 
curves in figure 4.4.3:6(e) and as expected they show the amount of non-evaporable water 
increases with increasing hydration time.
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Figure 4.43:5. Results from FID amplitude measurements for mortar with w /c  ratio 
of 0.26, at different hydration times.
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To obtain more accurate values of amplitude and T2 than that which is provided by the FID data, 
for the gel and capillary water, data was acquired using the CPMG pulse sequence. As an 
example, the CPMG echo profile recorded after 1 hour of hydration is shown in figure 4.4.3:7. 
For all echo profiles recorded, the first data point, which was from an even echo, was recorded at 
80 ps. The CPMG echo profiles recorded at the different times of hydration, except for data 
collected on day 28, were numerically inverted using CONTlN [4.19, 4.20] to evaluate the 
amplitude and T2 values of the NMR signal from the gel and capillary water. The CPMG data 
acquired on day 28 from the mortar sample was not inverted because the data had a very poor 
signal to noise ratio, which probably occurred because most of the water had a very fast 
relaxation rate. Figure 4.4.3:8(a) shows the amplitude of the CPMG echo profile, evaluated using 
CONTlN and after normalising with the total FID amplitude. Transforming the amplitude of 
the echo profile using the calibration factor described in section 4.4.3:1 produces figure 
4.4.3:8(b), which shows the volume of evaporable water as a percentage of total mortar volume. 
The results in figure 4.4.3:8(b) and figure 4.4.3:6(b) are directly comparable and it can be seen the 
two sets of result are consistent. The fraction of water that is evaporable, calculated using the 
total FID amplitude and the CPMG echo profile amplitude is shown in figure 4.4.3:8(c) and it is 
directly comparable with figure 4.4.3:6(d).
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Figure 4.43:7. CPMG echo data from mortar sample with w /c  
ratio of 0.26 taken 1 hour after curing
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Figure 4.4.3:9 was produced using the FID data and the CPMG data after numerical 
inversion and calibration. The integral area under each profile in figure 4.4.3:9 is equal to 100%. 
Figure 4.4.3:9 generally shows three peaks at the start of hydration and it implies these peaks 
correspond to the chemically bound water, gel water and capillary water. It can be seen, as the 
hydration proceeds the peak with the highest value of T2 decreases in amplitude and the T2 value 
of the peak decreases. By day 14, there are only two significantly large peaks. The capillary water 
was expected to decease in volume as the hydration proceeded and so it can be inferred that the 
peak in figure 4.4.3:9 that decreased in amplitude and T2 value was caused by the capillary water. 
It then becomes obvious that the gel water and the chemically bound water caused the two 
remaining peaks, which are shown in figure 4.4.3:9(h). The T2 values of the capillary water and 
gel water in the mortar sample are shown in figure 4.4.3:10. Figure 4.4.3:10 shows the value of 
T2 for capillary water decreases from 8500 + 4000 ps at hour 1 of hydration to 400 ± 200 ps on 
day 14 of hydration. The value of T2 for gel water increases from 60 + 30 ps at hour 1 to 150 ± 
80 ps on day 28. The T2 values of the chemically bound water, determined from the Gaussian 
component of the fit to the FID data (see equation 4.4.3:1) collected from the mortar sample 
during hydration, are shown in figure 4.4.3:11. The mean T2 value of the chemically bound water 
is 14 ± 1 ps.
The fact that water has a distribution of T2 values in the mortar sample implies that the 
pores in the mortar sample have a distribution of sizes. It is assumed for comparison that the 
pores are spherical, hence, the sizes of the pores are expressed as units of radius. Using equation 
4.2.2:3 and the T2 values in figure 4.4.3:10 and 4.4.3:11, the capillary pore sizes and gel pore sizes 
were calculated. Figure 4.4.3:12 shows the capillary pore size decreases during hydration from 
2000 + 1000 A at hour 1 to 80 ± 40 A on day 14. The gel pore sizes increases during hydration 
from 14 ± 8 A at hour 1 to 20 + 10 A on day 28, which is shown in figure 4.4.3:13. The pore 
sizes for day 28 is calculated using the T2* values determined from the FID data, which means 
the calculated sizes are likely to be smaller than the actual sizes because T2* values are smaller 
than T2 values.
The results presented in this section demonstrates that NMR relaxometry is non­
destructive and it can be used to acquire time series, quantitative information, simultaneously 
about gel water, capillary water and bound water. This makes NMR a unique technique in 
characterising the microstructure of cement-mortar. No other, non-destructive technique is 
available to date that can be used to acquire simultaneous information about gel water, capillary 
water, and bound water.
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4.5 THE EFFECT OF WATER/CEMENT 
RATIO ON PORE SIZE AND POROSITY
4.5.1 SAMPLE PREPARATION
Five mortar samples were manufactured, with sand a to cement ratio of 3:1 and a w /c  ratio of 
0.26, 0.36, 0.46, 0.56 and 0.66. All mortar samples were produced by mixing Ordinary Portland 
Cement (OPC) BS12 binder, 1.18 mm down Thames Valley river sand and distilled water in a 
commercial food blender. The amount of distilled water used in each mix was measured to allow 
for 1.47% moisture absorption by the sand (see section 1.4). Table 4.5.1:1 shows details of the 
composition of the mix for each mortar sample. The mix for each mortar sample also consisted 
of 2 g Daracem SP5 plasticiser to improve the workability. The mortar samples were cast in 
custom made cylindrical shaped Perspex moulds of length 30 mm and internal diameter 20 mm 
(see Appendix A). To remove entrained air bubbles and improve compaction of the mortar, the 
samples were vibrated in the Perspex moulds for approximately 60 s. The Perspex moulds 
containing the mortar samples were then sealed and wrapped with wax tape to minimise water 
loss. The samples were also rotated during the first hour then stored horizontally to minimise 
sedimentation. A hydration time of 54 days was allowed before the samples were used for the 
experiments.
M a ss  of sand Mass of OPC Total mass of 
distilled water 
used in mortar 
mix
Mass of free 
water available to 
react with 
cement
sand'.cem entvwater 
ratio
300 g 100 g 30 g 25 .6  g 3:1:0.26
300 g 100 g 40 g 35 .6  g 3:1:0.36
300  g 100 g 50 g 45 .6  g 3:1:0.46
300 g 100 g 60 g 55.6  g 3:1:0.56
300 g 100 g 70  g 65.6 g 3:1:0.66
Table 4.5.1:1. Composition of the mix used to make the mortar samples.
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4.5.2 DATA ACQUISITION
After the sealed samples had cured for 54 days, they were taken out of their moulds. The length 
and diameter of the mortar samples were 30.0 ±0.1 mm and 20.0 ±0.1 mm respectively. Each 
54 days cured sample was wrapped in PTFE tape to minimise water loss and placed in the 
horizontal bore magnet (see section 3.6.2.1). Relaxation rate measurements were then carried out 
on each sample using the CPMG pulse sequence. The parameters used in the CPMG pulse 
sequence are shown in table 4.5.2:1.
The relaxation rate measurements were repeated after drying the samples for 5 days in an 
oven at temperature of ~40 °C and pressure of "1 mbar. The masses of the samples were 
recorded before and after drying the samples.
Parameter CPMG
!H resonance frequency 30 MHz
90° R.F. pulse duration 16.4 ps
180° R.F. pulse duration 32.8 [xs
Dead time 23 |xs
Echo time, 2t (see figure 3.2.8:1) 40 pis
Number of even echoes recorded 1024
Relaxation delay time between repetitions 0.5 s
Number of repetitions 512
Table 4.5.2:1. Details of the parameters used to acquire relaxation rate data from mortar 
samples after 54 days of hydration.
4.5.3 RESULTS AND ANALYSIS
The mass of the mortar samples before and after drying them is shown in table 4.5.3:1. Water, in 
either gel pores or capillary pores, is expected to have a relaxation rate that can be described by a 
exponential function. A function with a double exponential term was fit to the CPMG data, 
which was collected from the mortar samples with different w /c  ratio. A double exponential fit 
was used so that an average gel pore radius and average capillary pores radius can be estimated 
for the mortar samples. The fit to the CPMG data was carried out using the scientific plotting 
and data analysis software “EasyPlot™”. The EasyPlot™ software was used to compute the
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unknowns A, B, C and D in equation 4.5.3:1 using a least-square fitting routine and iterative 
process, after taking initial guesses to the values o f the unknowns.
y = A ex p (-x /B ) + C exp(-x /D ) 4.5.3:1
sand:cement:water
ratio.
Sample stage. Sample mass in g. Mass change in g, 
relative to mass 
after 54 days 
curing.
Mass o f total water.
3:1:0.26 Cured 54 days 16.997 0 1.037g (6.10%)
3:1:0.36 Cured 54 days 17.467 0 1.442g (8.26%)
3:1:0.46 Cured 54 days 19.756 0 2.038g (10.32%)
3:1:0.56 Cured 54 days 20.537 0 2.522g (12.28%)
3:1:0.66 Cured 54 days 20.369 0 2.885g (14.16%)
3:1:0.26 Dried 5 days 16.543 -0.599 0.438g (2.65%)
3:1:0.36 Dried 5 days 16.782 -0.768 0.674g (4.02%)
3:1:0.46 Dried 5 days 18.864 -1.066 0.972g (5.15%)
3:1:0.56 Dried 5 days 19.473 -1.122 1.400g (7.19%)
3:1:0.66 Dried 5 days 19.252 -1.461 1.424g (7.40%)
Table 4.5.3:1. Mass measurements o f mortar samples before and after drying.
The results from fitting the double exponential to the CPMG data are shown in figure 4.5.3:1 
(see page 95). The exponential component with the shorter T2 value can be attributed to water in 
the gel pores. On the other hand, the exponential component with the much longer T2 value can 
be attributed to water in capillary pores and micro cracks. It is important, however, to 
understand that there is no absolute method for distinguishing between a capillary pore and a gel 
pore in cement mortar because there is a distribution of pore sizes (see figure 4.4.3:9). It is worth 
remembering at this point that the T2 values are correlated to how restricted the movements o f 
XH nuclei are in their environment. In general, the greater the freedom o f movement o f water 
molecules the greater is the value o f T2 (see figure 3.3.5:1 and figure 3.3.5:2).
Figure 4.5.3:l(a) shows, before drying the amplitude o f the shorter T2 component 
generally increases as the w /c ratio increases, which implies the quantity o f water in gel pores
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increases with increasing initial w /c  ratio. This was expected because the amount of gel water in 
the mortar samples is proportional to the products of hydration, based on cement chemistry. 
The amplitude of the shorter T2 component reaches a plateau when the w /c ratio is 
approximately 0.56. This implies that almost all the cement is hydrated in the mortar samples 
with a w /c  ratio of 0.56 and 0.66 but a significant amount of cement remains not hydrated in the 
samples with a w /c  ratio of 0.26, 0.36 and 0.46. It is obvious from cement chemistry not all 
cement will be hydrated in the samples with w /c ratio of 0.26 and 0.36 because there was not 
enough water available in the mortar mix initially. On the other hand, from figure 4.5.3:1(a) it 
can be inferred, not all of the cement was hydrated in the mortar sample with a w /c  ratio of 0.46, 
although there was enough water available. This can be explained because self-desiccation of the 
sample considerably slowed the hydration rate in the sample with w /c ratio of 0.46 [4.22]. Self­
desiccation can occur in sealed cured samples with w /c  ratio below 0.5, when no water 
movement is allowed to or from the gel. The hydration reactions use up the water until too little 
is left to saturate the solid surfaces and the relative humidity within the paste decreases. Since gel 
can only form in water filled space, self-desiccation leads to a very low rate of hydration in 
samples with an initially low free w /c ratio. For samples with higher initial w /c  ratio (>0.5), self­
desiccation has little effect because there is excess water in the capillary pores to keep the solid 
surfaces of the cement saturated. Another possible reason for the plateau is that a significant 
amount of water was lost due to bleeding during the manufacture of the sample. Bleeding is a 
form of segregation and it occurs when the solid constituents in the mortar mix cannot absorb all 
of the water present in the mix. Water, which has the smallest specific gravity in the mortar mix, 
rises to the surface of the freshly placed mortar if it is not absorbed. Some of the bleed water 
then evaporates before sealing the sample, so it is no longer present in the mortar sample during 
the later stages of hydration.
Figure 4.5.3:1(a) also shows, after drying the amplitude of the short T2 component 
decreases significantly, which can be explained because there is less water in the gel pores after 
drying. Gel water can be held in mortar with varying degrees of firmness. Some gel water is just 
adsorbed on the surfaces of the gel planes and can evaporate quite readily. On the other hand, 
some gel water is held in between the gel planes, which is called interlayer or zeolitic water. Only 
zeolitic gel-water is likely to be left in the pores after drying the mortar samples. Based on the 
data from the dry samples shown in figure 4.5.3:1(a) the amount of zeolitic water peaks in mortar 
samples manufactured with an initial w /c ratio of approximately 0.56.
From figure 4.5.3:1(b) it can be inferred that the T2 values of the gel-water, before 
drying, are approximately constant with a mean value of 320 + 70 jus, but after drying, the T2 
values of the gel water are approximately constant, with a mean value of 480 + 40 ps. A  
significant increase in the T2 values of the gel water occurs after drying the samples, which 
implies the average water in the gel pores before drying is more restricted than the average water
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in the gel pores after drying. The corresponding radius of the gel pores, calculated using equation 
4.2.2:3 and using the data in figure 4.5.3:l(b), is shown in figure 4.5.3:l(c). For calculating the 
pore radiuses the T2 value of the pore surface water, T2B, was taken to be 14 ± 1 ps, based on the 
measurements described in section 4.4. The mean radius of the gel pores before and after drying 
the mortar samples, are 70 ± 5 A and 100 ± 10 A respectively, which implies drying the mortar 
samples damages the fragile gel microstructure, making the pores larger. An alternative 
explanation is that the water remaining in the gel pores after drying is in a vapour phase and is 
able to diffuse between gel pores more easily, hence the T2 values after drying is greater than 
before drying. Even if the size of the gel pores did not actually change because of the drying, the 
environment of the remaining H2O in the gel pores would have changed because of the drying. 
The size of the gel pores as “seen” by the H2O molecules is greater after drying than before 
drying, this is what can be inferred from figure 4.5.3:1(c). The greatest effect of the drying seems 
to have occurred for the mortar sample with a w /c ratio of 0.36, which before drying had the 
smallest average pore radius but after drying, has the greatest average pore radius. The pore 
radius of OPC paste is about 20 A [4.24] so it can be inferred that the gel pores are about four 
times larger in cement paste formed in the vicinity of aggregate.
Figure 4.5.3:1(d) shows, before drying the amplitude of the exponential component with 
the longer T2 value increases with increasing w /c  ratio, which implies the amount of water in the 
capillary pores and micro cracks increases with increasing w /c ratio. This was expected based on 
cement chemistry. After drying the amplitude of the exponential component with the longer T2 
value, is smaller and approximately constant as a function of initial w /c  ratio. The approximately 
constant and relatively small amplitude of the longer T2 component implies the pores are filled 
only with water vapour after drying. For initial w /c ratio of 0.26, the amplitude of the longer T2 
component is approximately the same before and after drying, which implies there was very little 
liquid water in the capillary pores for this sample even before drying, which is consistent with the 
results presented in section 4.4.3.
Before drying the mortar samples, the longer T2 value decreases with increasing w /c  
ratio and this is shown by figure 4.5.3:1(e). Even before drying, the mortar samples were not 
fully saturated with water but only partially saturated (see figure 5.2.3:3(a) and figure 5.2.3:3(c) in 
chapter 5 for more detail). The partially saturated mortar samples were sealed for 54 days (see 
section 4.5) and during that time it is possible most of the water molecules diffused and 
distributed on the interior surfaces of the capillary walls. According to cement chemistry, there 
will be greater capillary surface area in mortar samples with higher initial w /c ratio than in mortar 
samples with lower initial w /c ratio. In mortar samples with a very low w /c  ratio (< 0.4) the 
total capillary pore surface area is expected to be very small and some of the capillary water will 
have to occupy space away from the surface. On the other hand, for mortar samples with high 
initial w /c  ratio, the capillary surface area is expected to be large enough for a significantly large
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proportion of the water molecules to be adsorbed on the surface. The average water molecule 
will be more influenced by the surface in a mortar sample with a high initial w /c  ratio than in a 
mortar sample with a low initial w /c  ratio. Hence, the T2 values shown in figure 4.5.3:1(e) 
decreases with increasing initial w /c  cement ratio, before drying. The results in figure 4.5.3:1(e) 
shows the T2 value before drying, ranges from approximately 50 ms for mortar with initial w /c  
ratio of 0.26 to 20 ms for mortar with initial w /c ratio of 0.66. Figure 4.5.3:1(e) shows, after 
drying, the T2 value of the longer component is approximately constant at 55 + 1 ms, which is 
significantly greater than before drying, for all the samples. If the capillary pores in the mortar 
samples were filled with water vapour after drying then it is likely that diffusion of vapour 
occurred between the pores. NMR relaxation analysis therefore shows one large pore rather than 
many smaller interconnecting pores, and this will be particularly true if drying the samples caused 
the throats of the capillary pores to be less narrow.
Figure 4.5.3:1(f) was produced using equation 4.2.2:3 and using the T2 values presented 
in figure 4.5.3:l(e). Figure 4.5.3:l(f) shows the radius of the capillary pores, before drying, 
decrease from approximately 10,300 ± 700 A for the mortar sample with w /c ratio of 0.26 to 
approximately 5000 + 400 A for the mortar sample with a w /c  ratio of 0.66. After drying, the 
capillary pores have an approximately constant size with a mean radius of 11,700 + 300 A.
It is important to understand, each value of the capillary or gel pore radius that is 
deduced from the corresponding T2 value of the mortar sample is really a “pseudo” radius, which 
reflects the environment of the water molecules in the sample.
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4.6 CONCLUSIONS
Two sets of NMR data from cement-mortar samples were presented in this chapter. The first set 
of data was acquired using the 20 MHz bench top spectrometer and the second set of data was 
acquired using the 30 MHz horizontal bore spectrometer. The 20 MHz spectrometer has a small 
dead time and therefore it was possible to take fast relaxation rate measurements from the 
chemically bound water, which allowed the different types of water in the mortar sample to be 
identified by their characteristic T2 values. The 20 MHz spectrometer was used to acquire data 
from cement-mortar during the early stages of hydration and the volume fraction of evaporable 
and non-evaporable water was deduced. The disadvantage of using the 20 MHz bench top 
spectrometer is that only small test tube samples can be used. It is very difficult to manufacture 
cement-mortar samples in a test tube because the fresh mix can stick to the glass walls. Samples 
made in test tubes are also susceptible to greater segregation than normal because the mortar mix 
must be vibrated and stored vertically to allow the fresh mix to fill the bottom end of the test 
tube as quickly as possible before setting.
The 30 MHz spectrometer has a slightly longer dead time than the 20 MHz spectrometer 
and so it was not possible to acquire fast relaxation rate measurements from the chemically 
bound water using the 30 MHz spectrometer. On the other hand, larger samples can be used 
with the 30 MHz spectrometer. Better quality mortar samples can therefore be manufactured 
and used with the 30 MHz spectrometer than with the 20 MHz spectrometer. It is also easier to 
obtain data with a good signal to noise ratio and so it was possible to acquire good CPMG data 
from 28 days cured samples using the 30 MHz spectrometer. Ideally, a NMR spectrometer is 
required, which allows large samples to be used and has a smaller dead time than 10 ps so that 
fast relaxation rates can be measured.
It was shown in this chapter how NMR relaxation analysis could be used to deduce the 
pores size distribution of cement mortar based on the surface relaxation and diffusion model. 
The limitations of NMR relaxation analysis are; (1) Some diffusion of water may occur between 
pores, especially if the pores have wide continuous throats, which will lead to larger pores sizes 
being estimated than the actual sizes. (2) Diffusion of water molecules in susceptibility gradients 
can reduce the NMR signal. (3) The FID or CPMG echo profile both have a finite signal to 
noise ratio and has many solutions, which means inverting the NMR data without being 
subjective when choosing a possible solution is difficult and requires a vast amount of 
background knowledge regarding the material and NMR science.
It was shown in this chapter, water in cement-mortar pores have a continuous 
distribution of relaxation rates with T2 values ranging from 50 ps to 50 ms. The T 2 value 
distribution of water was shown to peak at three separate relaxation times, which can be 
correlated to chemically bound water, gel water and capillary pore water. The chemically bound
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water has a veiy fast relaxation rate, with T2 values less than 20 fis and therefore it can only be 
detected in the FID. On the other hand, the gel-water and capillary-water have T2 values greater 
than 50 ps and can be detected in the CPMG echo profile. The T2 values of the gel-water and 
capillary-water can be used to estimate the size of the capillary-pores and gel-pores.
According to the NMR relaxation analysis results, the gel pore radius can range from 
about 20 A to about 100 A in cement-mortar. The gel pore radius in cement paste is about 20 to 
30 A [4.22, 4.24]. The pore microstructure becomes damaged during dehydration in a hot and 
low humidity environment, hence, pores are even larger in dry cement-mortar. NMR relaxation 
analysis results showed the number of pores increase but the size of the pores decrease, with an 
increasing initial w /c  ratio in the mortar samples. The size of the capillary pores can range from 
about 10,000 A to 100 A, according to the results presented in this chapter. In hydrated cement 
paste, the capillary pores can have a radius ranging from 300 A to 3000 A and few pores with a 
radius greater than 10,000 A [4.22].
It has been explained in this chapter that NMR relaxometry can be very useful for 
characterising the pore microstructure of cement-mortar because it is quantitative and non­
destructive, which allows time series information to be gathered from any single sample. It is 
possible to acquire quantitative, time series information about both capillary and gel pores 
simultaneously, in cement-mortar using the NMR technique, which is an advantage no other 
characterisation technique claims to date. It has been shown in this chapter, NMR relaxometry 
can be used to probe the environment of the water molecules in the cement-bound material, 
which in turn allows the size of the capillary and gel pores to be estimated.
97
Chapter 4 references
[4.1] B. ZHANG. "Relationship between pore structure and mechanical properties ofordinary concrete under 
bending fatigue”. Cement and Concrete Research. 28 (5). (1998). Pp 699-711.
[4.2] L. BAGEL AND V. ZIVICA. "Relationship between pore structure and permeability of hardened 
cementmortars: On the choice ofejfectiuepore structure parameter”. Cement and Concrete Research. 
27 (8). (1997). Pp 1225-1235.
[4.3] A.J. BOHRIS, U. GOERKE, P.J. McDONALD, M. MULHERON, B. NEWLING, 
AND B. Le PAGE. "A Broad Line NMR and MRI Study of Water and Water Transport in 
Portland Cement Pastes”. Magnetic Resonance Imaging. (1998). Vol. 16. Nos. 5/6, pp. 455- 
461.
[4.4] W.P. HALPERIN, J.-Y JEHNG, AND Y.-Q. SONG. "Application of Spin-Spin Relaxation to 
Measurement of Surface Area and Pore Size Distributions in a Hydrating Cement Paste”. Magnetic 
Resonance Imaging (1994). Vol. 12. No. 2, pp. 169-173.
[4.5] J.-Y. JEHNG, D.T. SPRAGUE, AND W.P. HALPERIN. "Pom Structure of Hydrating 
Cement Paste by Magnetic Resonance Relaxation Analysis and Freezing”. Magnetic Resonance 
Imaging (1996). Vol. 14. Nos.. 7/8, pp. 785-791.
[4.6] W.P. HALPERIN, F. D ’ORAZIO, S. BHATTACHARJA, AND J.C. TARCZON. 
"Magnetic resonance relaxation analysis of porous media ” in Molecular Dynamics in Restricted 
Geometries (chapter 11), edited by J. Klafter and J.M. Drake. (1989). John Wiley, New York. 
Pp. 311-350.
[4.7] G.J. VERBECK, R.H. HELMUTH. "Structures and physical properties ofcement paste”. Proc. 
5th International Symp. Chem. Cem. Vol 3. Tokyo. (1968) pp. 1-32.
[4.8] D.N. WINSLOW. S. DIAMOND. "A mercury porosimetry study of the evolution of porosity in 
cement”. ASTMJ. Materials 5 (3) (1970). Pp 564-585.
[4.9] N. McN. ALFORD, A A. RAHMAN. "An assessment ofporosity andpcne sizes inhardened 
cement pastes”. J. Materials Science 16 (1981) pp 3105-3114.
[4.10] RA. COOK, K.C. HOVER. "Mercury porosimetry of hardened cement pastes”. Cement and 
Concrete Research. 29 (1999) pp 933-943.
[4.11] R A. COOK and K.C. HOVER. "Mercury porosimetry of cement-based materials and associated 
correction factors”. ACI Materials Journal. 90. No. 2. (1993). pp 152-161.
98
[4.12] N. HEARN, R D . HOOTON and R.H. MILLS. “Pore Structure and permeability in concrete 
andajnaetemakingmaterials3. ASTM Sp. Tech. Publ. No. 169C (1994). pp. 241-62. 
Philadelphia.
[4.13] K.S. MENDELSON, W.P. HALPERIN, J.-Y. JEHNG, AND Y.-Q. SONG. “Surface 
Magnetic Relaxation in Cement Pastes”. Magnetic Resonance Imaging (1994). Vol. 12. No. 2. 
pp. 207-208.
[4.14] J.R. ZMMERMANN AND W.E.BRITTIN. J.Phys.Chem. (1957). 61. Pp 1328-1333.
[4.15] W.P. HALPERIN, S. BHATTACHARJA, F. D ’ORAZIO. “Relaxation and dynamical 
properties of water in partiallyfdledmaterials using NMR techniques3. Magnetic Resonance 
Imaging (1991). Vol. 9. pp. 733-737.
[4.16] K.R. BROWNSTEIN, AND C.E. TARR. “Importance of Classical Diffusion in NMR Studies of 
Water in Biological Cells. 33 Phys. Rev. A 19. Pp 2446. (1979).
[4.17] M.H. COHEN AND K.S. MENDELSON. J.Appl. Phys. 53. 1127 (1982).
[4.18] F. D ’ORAZIO, J.C. TARCZON, W.P. HALPERIN, K. EGUCHI, AND T. MIZUSAKI. 
J. Appl. Phys. (1989) 65, pp 742-751.
[4.19] S .W. PROVENCHER. “A constrained regularization method for inverting data represented by linear 
algebraic or integral equations3. Comput. Phys. Commun. (1982). 27. pp 213-227.
[4.20] S.W. PROVENCHER. “CONTIN: A general purpose constrained regularization program for 
irwertingnoisy linear algebraic and integral equations3. Comput. Phys. Commun. (1982). 27. pp 
229-242.
[4.21] W. CZERNIN. “Cement Chemistry and Physics for Civil Engineers”, Chapter 3. (1962). 
U.K. Crosby Lockwood and Son Ltd.
[4.22] A.M. Neville. “Properties of Concrete”. Chapter 1. (1995). Harlow Longman Group.
[4.23] H.F.W. TAYLOR “Cement Chemistry3. 2 nd Edition. (1997). London. Thomas Telford.
[4.24] F. MILIA, M. FARDIS, G. PAPAVASSILIOU, AND A. LEVENTIS. “NMR in Porous 
Materials3. Magnetic Resonance Imaging (1998). Vol. 16. No. 5/6. pp. 677-678.
99
CHAPTER 5
CHARACTERISATION 
OF WATER 
PENETRATION AND 
HYDROPHOBIC 
TREATMENT EFFICACY 
IN CEMENT-MORTAR
5.1 INTRODUCTION
The durability of concrete is mainly dependent on its water content and water transport 
properties. Water can carry deleterious substances such as Ch ions, which can lead to corrosion 
of the steel in reinforced concrete (see section 1.5). Concrete in the environment can also start to 
deteriorate after freeze-thaw damage due to water filled pores [5.1]. Control o f water transport 
into and out o f cement-bound materials is particularly important and much emphasis has been 
placed on the application of surface treatment. It is important to understand the dynamics o f  
water transport through both treated and untreated porous building materials such as cement- 
mortar. There is also a need to quantify the effectiveness of the surface treatment. It is therefore 
necessary to employ adequate techniques for measuring water content and water penetration 
through concrete and cement-mortar.
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Traditional techniques used for assessing surface treatment are based on measurements 
o f the change in the treated surface and they include; Volumetric surface absorption techniques
[5.2]; Gravimetric analysis [5.3]; Contact angle [5.4] and Electrical conductivity [5.5]. Spatially 
resolved information can only be inferred using these techniques by use o f microscopy and 
mechanical testing o f thin sections cut from core samples [5.6]. Conventional techniques used 
for characterising water penetration and surface treatment in cementitious materials are 
inadequate because they are destructive or invasive. Conventional techniques do not allow 
spatially resolved time course follow up studies on a individual sample. Broad line magnetic 
resonance imaging (MRI) offer a possible solution because it is non-destructive, non-invasive and 
it is spatially resolved. Past studies have already demonstrated that Stray field MRI can be used to 
profile water and silane distribution in porous materials [5.7].
No extensive studies have been done on mortar samples in-situ during water 
penetration, using the SPRITE technique. The aim of this chapter is to demonstrate how the 
SPRITE technique can be used to quantitatively measure water content and measure water 
penetration through both treated and untreated cement-mortar samples. This chapter describes 
studies on cement-mortar samples using the MARAN spectrometer and 0.7 T horizontal bore 
magnet (see section 3.6.2.1).
Section 5.2 o f this chapter describes how the SPRITE technique can be used to acquire 
profiles o f mortar samples manufactured with a range o f water/cement (w/c) ratios and hence 
deduce the water content in the samples. An explanation is given in section 5.3 describing the 
method used for acquiring SPRITE profiles in-situ, during water penetration through cement- 
mortar samples. Results are presented describing the characteristics o f water penetration through 
cement-mortar and the unsaturated flow theory (see section 2.5) is tested. Section 5.4, describes 
the specifics o f hydrophobic silane treatment. In section 5.5, results are presented assessing the 
application o f liquid phase hydrophobic silane treatment on cement-mortar samples. The results 
in section 5.5 include profiles showing the penetration of liquid phase hydrophobic silane 
through cement-mortar samples.
The U.K. Highway Authority requires monomeric alkyl trialkoxysilane to be applied to all 
reinforced concrete structures within 4 m of a motorway or main route [5.8]. The flood 
application method, which is currently employed, involves treating the concrete with 0.1 litres o f  
silane per m2 of concrete. This can be very expensive and inefficient. The volatile nature o f  
silane molecules may allow alternative methods other than double flood coatings to be applied on 
concrete. Section 5.6 describes work that was carried out with a final year undergraduate civil 
engineering student (Ms. A. Gillies) to assess the application of vapour phase hydrophobic silane 
treatment (see Appendix D) [5.9].
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5.2 MEASUREMENT OF WATER CONTENT 
IN CEMENT-MORTAR
5.2.1 SAMPLE PREPARATION
Mortar samples were manufactured, with sand to cement ratio o f 3:1 and a w /c ratio of 0.26, 
0.36, 0.46, 0.56 and 0.66. All mortar samples were produced by mixing Ordinary Portland 
Cement (OPQ BS12 binder, 1.18 mm down Thames Valley river sand and distilled water in a 
commercial food blender. The amount o f distilled water used in each mix was measured to allow 
for 1.48% moisture absorption by the sand (see section 1.3.3). Table 5.2.1:1 shows details o f the 
mix composition for each of mortar samples. The mix for each set o f mortar samples also 
included 2 g Daracem SP5 plasticiser to increase the workability. Mortar samples were cast in 
custom made cylindrical shaped Perspex moulds o f length 30 mm and internal diameter 20 mm 
(see appendix A). The mortar samples were vibrated to remove entrained air bubbles and allow 
compaction in the Perspex moulds. Wax tape was used to seal the mortar samples in the Perspex 
moulds, hence, minimising any water loss during hydration. The mortar samples were allowed to 
hydrate in the sealed condition for 54 days.
sand:cement:water ratio Mass o f  sand Mass o f  OPC Total mass o f  distilled 
water used in  mortar 
m ix
M ass o f  free water 
available to react with 
cem ent
3:1:0.26 300 g 100 g 30 g 25.6 g (6.0%)
3:1:0.36 300 g 100 g 40 g 35.6 g (8.1%)
3:1:0.46 300 g 100 g 50 g 45.6 g (10.1%)
3:1:0.56 300 g 100 g 60 g 55.6 g (12.1%)
3:1:0.66 300 g 100 g 70 g 65.6 g (14.0%)
Table S.2.1:1. Composition o f the mortar samples.
5.2.2 DATA ACQUISITION
After allowing the mortar samples to cure sealed for 54 days, they were taken out o f their 
moulds. The length and diameter o f each mortar sample was 30.0±0.1 mm and 20.0±0.1 mm 
respectively. Immediately after taking each mortar sample out o f its mould, the mass o f the 
sample was measured and the sample was placed in the horizontal bore magnet (see section
3.6.2.1). A profile o f each mortar sample was then acquired using the SPRITE technique (see 
section 3.5.2:6). The encoding time used in the SPRITE technique was short enough to allow 
mobile water in both gel pores and capillary pores to be detected. Bound water has a spin-spin 
relaxation times that is much shorter than the encoding time of the SPRITE sequence, which
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means bound water will not be represented in the profiles. The parameters that were used to 
acquire profiles using the SPRITE technique are shown in table 5.2.2:1. The direction of the 
applied magnetic field gradient was parallel to the principle axis o f the sample and therefore the 
profiles acquired represent the mobile water (hydrogen) concentration along the length o f the 
sample.
Parameter. SPRITE
1H resonance frequency 30 MHz
R.F. pulse duration, xP 2.0 ps
Flip angle, a 10°
Number o f excitation pulses applied. 128
Number o f gradient steps 128
Amplitude of field gradient 0.045 Tim1
Time at which the single point is acquired, i.e. the encoding time, tp. o o
Image resolution after Fourier transforming 0.440 mm per pixel
Excitation pulse interval, TR. 1 ms
Number o f scans co-added to improve signal to noise ratio. 512
Scan repetition time 0.5 s
Time taken to acquire each image ~ 5 minutes
Table 5.2.2:1. Details o f the SPRITE parameters used to acquire the water profiles in 
mortar samples.
The mortar samples were placed in a vacuum oven and they were dried for 5 days at a 
temperature o f ~40°C and a pressure o f ~1 mbar to minimise micro-cracking. After measuring 
the masses of the dry mortar samples, the samples were profiled again as described above, using 
the SPRITE technique. The mortar samples were then immersed in a water bath for 11 days and 
allowed to saturate with water. The masses o f the saturated mortar samples were recorded and as 
described above, profiles o f the samples were acquired using the SPRITE technique. After 
taking profiles o f the saturated samples, the samples were dried a second time in a vacuum oven 
at a temperature o f ~40°C and a pressure ~1 mbar, this time for 54 days. The masses o f the dry 
mortar samples were measured and profiles were acquired, as described above, using the SPRITE 
technique for a final time.
The mortar sample that had an initial w /c ratio o f 0.56 was saturated a second time and 
its mass and corresponding SPRITE profile was recorded at intervals while the sample was 
drying. The SPRITE profiles were acquired using the parameters in table 5.2.2:1.
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5.2.3 RESULTS AND ANALYSIS
The profiles shown in figure 5.2.3:1 were acquired at intervals while the mortar sample with a 
w /c ratio o f 0.56 was drying. This was to allow a calibration curve to be produced so that the 
NMR magnetisation can be converted to concentration expressed as the mass o f water per unit 
volume of the sample. The NMR magnetisation, M(x), and the concentration o f mobile water 
expressed as the mass per unit volume of the mortar sample, p(x), are approximately related by 
equation 5.2.3:1, where x is the position along the sample.
In equation 5.2.3.T, A is the cross-sectional area o f the sample, which is perpendicular to the 
direction of the magnetic field gradient and f  is the calibration factor for the SPRITE parameters 
used.
The total mass, m, o f the mortar sample is related to p(x) by equation 5.2.3:2, where c is 
assumed a constant. The value o f c is equal to the sum of the mass of sand, ms, mass o f OPC, 
m0pC and mass o f chemically bound water, mb.
m =  A  x j* p(x)dx +  c 5.2.3:2
c = ms + mope + mb 5.2.3:3
Substituting equation 5.2.3:1 into equation 5.2.3:2 gives;
Figure 5.2.3:2 shows the mass o f the drying mortar sample plotted against the integral 
area under the corresponding profile in figure 5.2.3:1. A linear calibration curve was produced
regression of the data and it was carried out using the scientific plotting and data analysis 
software “EasyPlot™”. The EasyPlot™ software was used to compute the unknowns f  and c in 
equation 5.2.3:4 using a least-square fitting routine and iterative process. The calibration factor
the SPRITE parameters shown in table 5.2.2:1 the calibration factor, f, is 7 x l0 7 gem-3 per 
arbitrary unit (a.u.) o f magnetisation.
Figure 5.2.3:3 (see page 108) was produced after transforming the SPRITE profiles 
acquired from the mortar samples, using equation 5.2.3:5.
A x p(x) = M(x) x f 5.2.3:1
5.2.3:4
after a least square fit to the data points in figure 5.23:2. The solid line in figure 5.23:2 is a linear
for converting M(x) to p(x) is equal to the gradient of the calibration curve in figure 5.23:2. For
5.23:5
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Figure 5.2.3:3 shows the concentration of mobile water, p(x), in the mortar samples after (a) 
hydrating for 54 days, (b) drying for 5 days, (c) saturating in water for 11 days and (d) drying for 
54 days. Each mortar sample was cast and temporarily stored in a cylindrical mould, orientated 
with the two end flat faces at the top and bottom. The bottom end face was smoother in all 
samples and it occurs on the left side o f the profiles. Figure 5.2.3:3 shows the start and end 
boundary positions o f each mortar sample is at -2 0  mm and —50 mm respectively. It can be 
inferred from the profiles in figure 5.2.3:3(a) that the amount o f mobile water in the sealed cured 
mortar samples increases with increasing initial w /c  ratio. The concentration o f mobile water is 
also approximately uniform along each sealed cured mortar sample, which implies sedimentation 
is negligible in the samples. Figure 5.2.3:3(b) shows the concentration of mobile water in the 
mortar samples after they were dried in an oven at a temperature o f 40 °C and a pressure o f — 1 
mbar. There is some mobile water in all o f the mortar samples even after drying the samples, 
which implies some mobile water remains trapped in closed gel pores.
The porosity o f each mortar sample can be defined as the volume fraction o f the mortar 
sample that is occupied by gel pores, capillary pores, space within micro-cracks and space 
between cement and aggregate interface. Profiles acquired from the saturated mortar samples are 
shown in figure 5.2.3:3(c). The profiles in figure 5.2.3:3(c) can be correlated to the porosity of  
the samples, assuming water has filled all the voids and assuming the density o f water is 1 gem-3. 
Figure 5.2.3:3(c) shows the porosity in the mortar samples generally increases with increasing w /c  
ratio, with exception of the sample with an initial w /c ratio o f 0.26. There is a significant 
gradient in the profile acquired from the saturated mortar sample with a w /c  ratio o f 0.26 and 
from the profile it can be inferred this sample has a higher porosity than the other samples. This 
implies there were micro-cracks in the mortar sample with a w /c ratio o f 0.26 and the width of  
the micro-cracks were greatest at the top end of the sample (right side in the profile in figure 
5.2.3:3c). Micro-cracking in cement-mortar samples at very low w /c ratio is expected because 
Abram’s rule becomes void when the w /c ratio o f concrete is very low (see section 1.2). From 
the profiles in figure 5.2.3:3(c) it can be inferred the sample with an initial w /c  ratio o f 0.36 has 
the smallest porosity. Figure 5.2.3:3(c) shows the porosity o f the mortar samples ranges from 
~10% for the mortar sample with an initial w /c  ratio o f 0.36 to —20% for the mortar sample 
with an initial w /c  ratio o f 0.66.
Figure 5.2.3:3(d) shows profiles of the mortar samples, which were acquired after drying 
the samples in a vacuum oven for the second time. The profiles in figure 5.2.3:3(d) implies some 
water is retained in the gel pores o f the mortar samples after drying at a temperature o f 40 °C and 
pressure o f  —1 mbar. Comparing figure 5.2.3:3(b) with figure 5.2.3:3(d) infers that there was 
more water retained in the gel pores after saturating the samples than before saturating the
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samples. This implies saturating the samples may have resulted in delayed hydration of some 
previously unreacted cement, which produced more gel pores.
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The mass fraction of mobile water, m.f, in each mortar sample at different stages o f the dry and 
saturation process can be calculated using equation 5.2.3:6 and the profiles in figure 5.2.3:3.
_  A j p(x)d 5.23:6
m f =
m
In equation 5.2.3:6, x is the distance along the sample in cm, A is the cross-sectional area o f the 
sample, which is —3.14 cm2 and m is the total mass of the sample in g. The total mass, m, of 
each mortar sample, calculated by taking the average of the sample mass, measured before and 
after acquiring each profile is given in table 5.2.3:1.
w /c  ratio o f m ortar sam ple. Sam ple stage. Sam ple m ass in  g . M ass change in  g , relative 
to m ass a fter 54 days 
curing.
0.26 Cured 54 days 16.997 0
0.36 Cured 54 days 17.467 0
0.46 Cured 54 days 19.756 0
0.56 Cured 54 days 20.537 0
0.66 Cured 54 days 20.369 0
0.26 Dried 5 days 16.543 -0.599
0.36 Dried 5 days 16.782 -0.768
0.46 Dried 5 days 18.864 -1.066
0.56 Dried 5 days 19.473 -1.122
0.66 Dried 5 days 19.252 -1.461
0.26 Saturated 11 days 18.475 +1.511
0.36 Saturated 11 days 18.175 +0.892
0.46 Saturated 11 days 20.193 +0.364
0.56 Saturated 11 days 20.876 +0.366
0.66 Saturated 11 days 20.756 +0.124
0.26 Dried for 54 days 16.870 -0.271
0.36 Dried for 54 days 17.126 -0.431
0.46 Dried for 54 days 19.124 -0.828
0.56 Dried for 54 days 19.722 -0.877
0.66 Dried for 54 days 19.558 -1.169
Table 5.2.3:1. Mass measurements o f mortar samples at different stages o f drying and 
saturating after initial 54 days o f curing.
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Figure 5.2.3:4 shows the mass fraction of mobile water in the mortar samples (which are 
described in section 5.2.1). The curve labelled “predicted” in figure 5.2.3:4, shows the sum of  
capillary water mass fraction and gel water mass fraction calculated (see section 4.3) for fully 
hydrated mortar samples. The curve labelled “cured 54 days” was deduced using the SPRITE 
profiles (see figure 5.2.3:3a) that were acquired immediately after taking the samples out of their 
moulds and it can be directly compared to the curve labelled “predicted”. The curve labelled 
“first dry” was deduced using SPRITE profiles (see figure 5.2.3:3b) that were acquired after 
drying the mortar samples for 5 days at 40°C days and pressure ~1 mbar. The curve labelled 
“saturated” was deduced using the SPRITE profiles (see figure 5.2.3:3c) that were acquired after 
saturating the samples for 11 days. The curve labelled “second dry” was deduced using die 
SPRITE profiles (see figure 5.2.3:3d) that were acquired after drying the mortar samples for 54 
days at 40°C days and pressure ~1 mbar.
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The mass fraction shown by die curve labelled “cured 54 days” is lower than the mass 
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0.26 that the amount of mobile water increases with increasing w /c ratio. The “saturated” curve 
in figure 5.2.3:4 confirms the porosity o f the mortar samples generally increases with increasing 
water cement ratio. The porosity was expected to increase with increasing initial w /c  ratio 
because water in the mortar samples that is not chemically bound, during the hydration process 
with the cement, must be stored in capillary or gel pores. The mortar sample with a w /c  ratio of  
0.26 has the greatest mass fraction of mobile water after saturation, which implies insufficient 
hydration and poor compaction of the sample during its manufacture resulted in the formation of 
many micro-cracks (see section 1.2). The curve labelled “second dry” in figure 5.2.3:4 shows a 
slightly greater mobile water mass fraction than shown by the curve labelled “first dry”. The 
small difference in the mass fraction between the “first dry” curve and the “second dry” curve in 
figure 5.2.3:4 implies there was delayed hydration in the mortar samples, while they were 
immersed in water for 11 days. The delayed hydration may have resulted in the production of  
more gel water, some of which remains trapped in the closed gel pores even after drying the 
mortar samples. The conclusion of the work in this section is that MRI can be quantitative.
5.3 MEASUREMENT OF WATER
PENETRATION RATE THROUGH 
CEMENT-MORTAR
5.3.1 SAMPLE PREPARATION
Cylindrical shaped mortar samples with diameter 20 mm and length 30 mm were manufactured, 
with sand to cement ratio o f 3:1 and a w /c ratio o f 0.26, 0.36, 0.46, 0.56 and 0.66, using the 
method described in section 5.2.1. Ordinary Portland cement (OPQ BS12 was used as the 
binder for the mortar samples. The mortar samples were allowed to hydrate for 28 days in a 
sealed environment then they were dried in a vacuum oven at a temperature o f ~40 °C and 
pressure o f ~1 mbar for a further 7 days. The mass o f each mortar sample was recorded before 
and after drying the samples in the oven. The sides o f the samples were then coated with 
quickset epoxy resin so that only the end flat faces o f the samples remained exposed to air. The 
quickset epoxy resin was allowed to dry on the mortar samples, in the laboratory atmosphere for 
at least 24 hours before the samples were used for the water uptake experiments.
5.3.2 DATA ACQUISITION
Figure 5.3.2:1 shows the apparatus used for acquiring the water penetration data. The flat 
smooth end o f the sample was fixed to a PTFE cap, which was connected to a burette filled with 
water, via a PTFE tube o f diameter ~2 mm. A second PTFE tube connected to the PTFE cap 
was used as air ventilation. The PTFE cap was fitted onto the sample using PTFE tape so that a
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seal was produced between the PTFE cap and the smooth end surface o f the mortar sample. 
The burette was filled with 25 cm3 of water, which can flow onto the flat end surface o f the 
sample, after turning a tap at the bottom of the burette. Wax tape was used to partially seal the 
top of the burette to minimise water evaporation from the burette. Only a small pinhole opening 
(~1 mm diameter) was allowed at the top of the burette to prevent a partial vacuum and ensure 
free flow of water from the burette to the sample. The sample was placed into the centre of the 
0.7 T horizontal bore magnet and a very gentle flow of dry air was applied through the magnet 
bore via a separate plastic pipe connected to a compressed air source. The gentle airflow was 
used to maintain an approximately constant humidity inside the bore o f the magnet and to 
prevent water condensation on the glass walls. The temperature and humidity in the laboratory 
were approximately 20+3 °C and 25±5 % relative humidity (RH) respectively, during the water 
penetration experiments.
Water was allowed to flow onto the flat surface o f the mortar sample to allow water 
penetration along the principle axis of the sample. The SPRITE technique was used to acquire a 
series o f profiles o f the mortar sample, in-situ during water penetration. An MS-DOS batch 
program was written (see Appendix B) to allow acquisition of the SPRITE profiles automatically 
one after the other, at intervals o f approximately 10 minutes. The raw data files were 
automatically saved with names that corresponded to the time in minutes o f the data acquisition, 
relative to the start o f water penetration.
The SPRITE profiles of the mortar samples were acquired using the same parameters as 
used for acquiring the data for measuring water content, which is shown in table 5.2.2:1. Profiles 
o f the mortar samples represent mobile water in the sample. Chemically combined water and 
epoxy resin are not visualised in the profiles because they have spin-spin relaxation times that are 
considerably shorter than the encoding time of the SPRITE pulse sequence.
A reservoir o f water was kept separately from the burette, in a bottle and that water was used to 
maintain a constant volume of water (25 cm3) in the burette. The volume of water transferred 
from the burette to the sample was deduced after taking mass measurements o f the water in the 
bottle.
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5.3.3 RESULTS AND ANALYSIS
For the mortar sample (described in section 5.3.1) with an initial w /c ratio o f 0.26, water 
penetration through the entire length of the sample occurred within 30s and water flowed out 
through the open end of the sample. This was expected based on work presented in section 5.2 
and section 1.2. No profiles were acquired for the mortar sample with an initial w /c  ratio of 
0.26, to prevent flooding o f the NMR magnet. For all the other mortar samples investigated, 
water did not penetrate the entire length o f the samples in the liquid phase and therefore it was 
possible to acquire SPRITE profiles o f those samples.
The acquisition time for each SPRITE profile was approximately 5 minutes (see table 
5.2.2:1). It is assumed, the acquisition time of each SPRITE profile was very rapid compared to 
the rate o f water penetration through the mortar samples with w /c ratio of 0.36, 0.46, 0.56, and 
0.66. Figure 5.3.3:1, figure 5.3.3:2, figure 5.3.3:3 and figure 5.3.3:4 show water penetration 
profiles acquired in-situ, using the SPRITE technique for mortar samples with an initial w /c  ratio 
o f 0.36, 0.46, 0.56 and 0.66 respectively. Only profiles acquired at time 0 minute, ~5 minutes, 
~15 minutes, ~30 minutes, ~1 hour, ~2 hours, ~4 hours, ~8 hours, 12 hours, 1 day, 2 days and 
4 days are shown here. Intermediate profiles o f each mortar sample were acquired at intervals o f  
approximately 10 minutes but they are not shown to save space.
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Figure S.3.3:l. Profiles recorded in-situ during water penetration, through 
a mortar sample with a sand:cement:water ratio o f 3:1:0.36. The start and 
end faces o f the sample are at positions ~11 mm and ~41 mm respectively.
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Figure 5.3.3:2. Profiles recorded in-situ during water penetration, through 
a mortar sample with a sand:cement:water ratio o f 3:1:0.46. The start and 
end faces o f the sample are at positions ~17 mm and ~47 mm  
respectively.
116
M
ag
ne
tis
at
ion
 
in 
M
ag
ne
tis
at
ion
 
in 
M
ag
ne
tis
at
ion
 
in 
M
ag
ne
tis
at
ion
 
in 
M
ag
ne
tis
at
ion
 
in 
M
ag
ne
tis
at
ion
 
in
 
ar
bit
ra
ry
 
un
its
 
ar
bit
ra
ry
 
un
its
 
ar
bit
ra
ry
 
un
its
 
ar
bit
ra
ry
 
un
its
 
ar
bit
ra
ry
 
un
its
 
ar
bit
ra
ry
 
un
its
200000
0 minutes150000
100000
50000
0 10 20 30 40 50 60
Position in mm
200000
6 minutes150000
100000
50000
30 50 600 10 20 40
Position in mm
200000
13 minutes150000
100000
50000
30 500 10 20 40 60
Position in mm
Position in mm
Position in mm
200000
25 minutes150000
100000
50000
30 40 50 600 10 20
200000
61 minutes150000
100000
50000
30 600 10 20 40 50
200000
113 minutes150000
100000
50000
30 40 50 600 10 20
'3 3 .§ Er
C --S
200000
242 minutes150000
100000
50000
0
10 200 30 40 50 60
Position in mm
Position in mm
Position in mm
200000
474 minutes150000
100000
50000
0
10 200 30 5040 60
200000
732 minutes£  150000
c
3
t 1
2
I
100000
50000
ci
0 10 20 30 40 50 60
200000
1435 minutes150000
100000
50000
10 20 30 40 50 60
Position in mm
200000
2884 minutes150000
100000
50000
10 20 30 40 50 60
Position in mm
200000
5740 minutes150000
c3 100000
50000•e
0 10 20 30 40 50 60
Position in mm Position in mm
Figure 5.3.3:3. Profiles recorded in-situ during water penetration, through 
a mortar sample with a sand:cement:water ratio o f 3:1:0.56. The start and 
end faces o f the sample are at positions ~13 mm and ~43 mm 
respectively.
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Figure 5.3.3:4. Profiles recorded in-situ during water penetration, through 
a mortar sample with a sand:cement:water ratio o f 3:1:0.66. The start and 
end faces o f the sample are at positions ~12 mm and ~42 mm 
respectively.
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The profiles labelled “0 minute” for each mortar sample was acquired immediately before water 
was allowed to flow from the burette to the sample. The “0 minute” profile acquired for each 
mortar sample mainly represents trapped mobile water in the closed gel pores o f the sample. 
Apart from the profiles labelled “0 minute”, all other profiles shown in figure 5.3.3:1 to figure 
5.3.3:4, were acquired after water was allowed to contact the start surface (bottom end) o f each 
mortar sample. The profiles show the start position o f each mortar sample is at approximately 15 
mm. The SPRITE profiles, acquired after allowing water to flow from the burette to the sample, 
show a peak between position 5 mm and 15 mm, which corresponds to the water in the PTFE 
cap. The start o f the mortar sample is located to the right o f the peak in each profile.
According to the unsaturated flow theory (see section 2.5), during water penetration the 
water front advances along the mortar sample as a linear function o f square-root time, as 
described by equation 2.5:8. For the SPRITE profiles acquired, the water front position can be 
arbitrarily defined as the first position, right side o f the peak in the profile and where the 
magnetisation is equal to 1/5 o f the magnetisation at the peak. A simple computer program (see 
appendix Q  was used to determine the water front position as a function of time in all o f the 
SPRITE profiles that were acquired in-situ during water penetration through the mortar samples. 
The water front position was plotted as a function of square root time for the mortar samples 
investigated. The water front position deduced from the SPRITE profiles acquired for the 
mortar sample with an initial w /c ratio o f 0.36 is plotted against square-root time in figure 5.3.3:5 
(see page 121). Figure 5.3.3:5 shows the water front position as a function of square root time is 
not linear but the gradient o f the function substantially decreases after ~250 minutes (~4 hours) 
from the start o f water penetration. The data in figure 5.3.3:5 shows the water front position 
advances at a smaller rate after ~250 minutes, which implies there might be some “delayed” 
cement hydration in the mortar sample. The delayed cement hydration can be caused by the 
extra water that enters the mortar sample during the water penetration experiment. The extra 
hydration o f cement may result in micro-cracks and pores in the mortar sample to become more 
constricted and less connected than before the start o f water penetration.
The dashed lines in figure 5.3.3:5 indicate the start and end boundary positions o f the 
mortar sample. The start boundary position o f the sample was deduced from the intercept o f a 
least squares fit linear regression, on the data points in figure 5.3.3:5. The linear regression was 
on the data points acquired during the first 250 minutes. The length o f the mortar sample was 
30±1 mm, therefore the end boundary position of the sample in the magnet can also be deduced. 
Figure 5.3.3:5 shows the start and end boundary positions o f the mortar sample with initial w /c  
ratio o f 0.36 are at 11±1 mm and 41±1 mm respectively. For the mortar sample with an initial 
w /c ratio o f 0.36, the water front position advances approximately two thirds o f the way along 
the sample, within the first 250 minutes (~4 hours). Figure 5.3.3:5 shows at ~4000 minutes (~ 3 
days) the water front position in the mortar sample almost stops advancing and it does not reach
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the open end of the sample at position 41 ±1 mm. After the water front stopped advancing 
through the mortar sample measurements o f the mass of the water reservoir revealed water 
continued to flow out o f the burette, which implies water continued to penetrate through the 
sample. This implies the main reason for the water front not advancing is because water was 
evaporating from the end of the mortar sample. Continuous flow of water from the burette 
throughout the experiment also implies the pores in the mortar sample were never completely 
blocked.
Figure 5.3.3:6 shows the water front position as a function of square root time for the 
mortar sample manufactured with a w /c  ratio o f 0.46 and the data points infer the function is 
non-linear. The rate at which the water front advances along the mortar sample with initial w /c  
ratio o f 0.46, decreases with increasing time, which implies there was some delayed cement 
hydration in the sample during water penetration. The plot of water front position against time 
appears more “scattered” for the mortar sample with an initial w /c ratio o f 0.46 than for the 
mortar sample with an initial w /c  ratio o f 0.36. The scattered appearance o f the data in figure 
5.3.3:6 implies there was continuous breakage and repair o f pores, which caused the water front 
position to continuously advance and regress with time in the mortar sample. The water front 
position can regress if water chemically binds to the cement, so that the spin-spin relaxation time 
o f the water is much shorter than the encoding time of the SPRITE technique. The water front 
position also regresses if there is a phase transition o f the water from liquid to vapour, so that 
some of the water escapes by evaporation through the open end of the mortar sample.
Figure 5.3.3:7 and figure 5.3.3:8 show the water front position as a function o f square 
root time for the mortar samples manufactured with an initial w /c  ratio o f 0.56 and 0.66 
respectively. The data points that are in figures 5.3.3:7 and figure 5.3.3:8 infer the water front 
position as a function of square root time for the two samples is non-linear and the gradient o f 
the function decreases with increasing time. The data points in figure 5.3.3:7 and figure 5.3.3:8 
are less scattered than the data points in figure 5.3.3:6. This implies the amount o f delayed 
cement hydration that occurs in the mortar samples decreases with increasing initial w /c  ratio. 
The rate o f water penetration through the mortar sample with an initial w /c  ratio o f 0.26 was 
faster than the rate o f water penetration through any of the other mortar samples investigated. 
This implies there were too many micro-cracks in the mortar sample with w /c  ratio o f 0.26. Any 
delayed cement hydration that may have occurred, in the mortar sample with initial w /c  ratio o f  
0.26 during water penetration, was not enough to close the micro-cracks hence water flowed 
though this sample within ~30 s.
120
45 - 
40 - 
35 - 
30 - 
25 - 
20- 
15 -
c
eo
y = 1.37x+ 11
0 10 20 30 40 50 60 70 80 90 100
(Time in min)0'5
Figure 5.3.3:5. Water front position as a 
function o f square-root time for a mortar 
sample with an initial w /c  ratio o f 0.36. The 
dashed lines show the positions o f the 
sample boundaries and the solid lines show  
a least squares fit  to the data collected 
during the first250minutes.
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Figure 5.3.3:7. Water front position as a 
function o f square-root time for a mortar 
sample with an initial w /c  ratio o f 0.56. The 
dashed lines show the positions o f the 
sample boundaries and the solid lines show  
a least squares fit to the data collected 
during the first 1200 minutes.
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Figure 5.33:6. Water front position as a 
function o f square-root time for a mortar 
sample with an initial w /c  ratio o f 0.46. The 
dashed tines show the positions o f the 
sample boundaries and the solid tines show  
a least squares fit to the data collected 
during the first2000minutes.
45- 
40 - 
35 - 
30 - 
25 - 
20 - 
15 - 
10 -
c
eo
y = 0.43x4- 12
03
0 10 20 30 40 50 60 70 80 90 100
(Time in min)0 5
Figure 5.3.3:8. Water front position as a 
function o f square-root time for a mortar 
sample with an initial w /c  ratio o f  0.66. The 
dashed tines show the positions o f the 
sample boundaries and the solid tines show  
a least squares fit to the data collected 
during the first1200 minutes.
Table 5.3.3:1 shows mass measurements o f each mortar sample and the mass 
measurement o f the water in the reservoir, which are recorded during each water uptake 
experiment. Figure 5.3.3:9 shows, the average rate o f mass decrease from the water reservoir is 
significantly greater than the average rate o f mass increase by the mortar sample, which implies 
some water escaped out o f each mortar sample. For the mortar samples with initial w /c  ratio o f  
0.36, 0.46, 0.56 and 0.66, the mass measurements and the SPRITE profiles acquired during water
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Figure 5.3.3:9. Data showing the average rate o f mass 
decrease o f the water reservoir and the average rate o f 
mass increase o f each mortar sample. The solid lines 
serve only as guidance to the eyes.
penetration, implies water only 
partly penetrates the samples in 
the liquid phase. Some of the 
water that enters the mortar 
samples with initial w /c  ratio of  
0.36, 0.46, 0.56 and 0.66
undergoes a liquid to vapour phase 
change and a considerable amount 
of water penetrates the samples in 
the vapour phase. The water in 
the vapour phase escapes through 
the open end o f the mortar 
samples by evaporation, hence, 
over the duration o f the 
experiment the mass lost from the
reservoir is greater than the mass gained by the mortar sample.
w /c  ratio 0.26 0.36 0.46 0.56 0.66
Mass o f  sample before drying in g  (±0.001 g) 16.935 19.042 19.675 20.627 20.520
Mass o f  sample after drying in g  (±0.001 g) 16.419 18.422 18.938 19.844 19.488
Mass o f  w ater lo st from  sample during  drying in  g  (±0.002 g) 0.516 0.620 0.737 0.783 1.032
Mass o f  sample after coating w ith resin b u t before w ater penetration 
in g  (±0.001 g)
18.162 20.802 20.817 21.654 20.550
Mass o f  sample immediately after w ater penetration in g  (±0.001 g) 19.800 21.627 21.245 22.266 21.419
Mass gain o f  sample during  w ater penetration in g  (±0.002 g) 1.638 0.825 0.428 0.612 0.869
Total tim e allowed fo r w ater penetration  through sample in m in (± 1 
min)
- 0 . 5 5759 6318 6875 6121
Average rate o f  m ass gain o f  sample during w ater penetration in g  
m in-1
3.3 0.14xl0-3 0.07x10-3 0.09x10-3 0.14x10-3
Mass lost from  reservoir during  w ater penetra tion  in g  (±0.002 g) ■ 13.107 11.325 19.640 11.918
Average rate o f  mass lost from  reservoir during w ater penetration  in 
g  m in-1
2.3x10-3 1.8x10-3 2.9x10-3 1.9x10-3
Table 5.3.3:1. Mass measurement data o f water reservoir and mortar samples.
The unsaturated flow theory (see section 2.5) is only partially adequate at predicting 
water penetrability o f the mortar samples. This is because the results of the water penetration 
experiments presented so far have implied the occurrence o f delayed cement hydration and water 
phase transition from liquid to vapour. The concentration of water, C, in the mortar samples can
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be expressed in terms of a single variable, r\, only during the early period of water penetration 
through the mortar samples. During the early period of water penetration through the mortar 
samples, the cumulative water absorption (per unit area of the inflow surface), i, increases as the 
square root o f elapsed time, t. The unsaturated flow theory can therefore be used to measure the 
sorptivity o f the mortar samples during the early period of water penetration.
The normalised water content, Cn, can be plotted against the Boltzmann transform, r|, 
using the SPRITE profiles acquired during water penetration through each mortar sample. 
Profiles o f the normalised water content, Cn, are evaluated using equation 5.3.3:1.
c  M (x ) ,-M (x ) ,  5.33:1
” M (s), -  M(s),
In equation 5.3.3:1, M(x)i is the SPRITE profile acquired before the start o f water penetration, 
M(x)t, is the SPRITE profile acquired at time t after the start o f water penetration. The value o f  
the magnetisation at the start boundary position o f the sample in the profile acquired at time t is 
denoted as M(s)t. The value o f the magnetisation at the start boundary position o f the sample in 
the profile acquired before the start o f water penetration is denoted as M(s)i.
Figure 5.3.3:10 shows the normalised water content, Cn, plotted against the Boltzmann 
variable, r), in the mortar sample with an initial w /c  ratio of 0.36. Only the SPRITE profiles 
acquired during the first 250 minutes after the start o f water penetration was used to produce 
figure 5.3.3:10, so that profiles o f Cn against r\ collapse into a single master profile. The grey data 
points in figure 5.3.3:10 are derived from the SPRITE profiles and they resemble a Gaussian 
function. The solid black curve in figure 5.3.3:10 is a least squares fit o f a Gaussian function to 
the grey data points and it represents the master profile for the mortar sample with an initial w /c  
ratio o f 0.36. The least squares fit is performed using the EasyPlot™ scientific data analysis 
program, from Spiral Software.
Figure 5.3.3:11 shows the normalised water content, Cn, plotted against r\ for the mortar 
sample with an initial w /c  ratio of 0.46, using the SPRITE profiles acquired during the first 2000 
minutes after the start o f water penetration. The SPRITE profiles that were acquired during the 
first 1200 minutes after the start o f water penetration are used to plot Cn against r\ for the mortar 
samples with an initial w /c  ratio o f 0.56 and 0.66. Figure 5.3.3:12 and figure 5.3.3:13 show Cn 
plotted against r| for the mortar samples with an initial w /c ratio o f 0.56 and 0.66 respectively.
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Figure 5.3.3:10. N orm alised water content in 
mortar sam ple with an initial w /c  ratio o f  0.36, 
p lo tted  against the Boltzmann variable. The 
equation Cn=exp(-r\2/0 .962)  describes the 
m aster curve, which is shown as a solid  black  
line and was deduced b y  a least squares li t  to 
the experimental data.
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Figure 5.3.3:11. N orm alised water content in  
mortar sample with an initial w /c  ratio o f  0.46, 
p lo tted  against the Boltzmann variable. The 
equation C„=exp(-r]2/0 .232)  describes the m aster 
curve, which is shown as a so lid  black line and  
was deduced b y  a least squares f it to the 
experimental data.
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Figure 5.3.3:12. N orm alised water content in  
mortar sam ple with an initial w /c  ratio o f  0.56, 
p lo tted  against the Boltzmann variable. The 
equation Cn=exp(-rj2/0.354) describes the 
m aster curve, which is shown as a solid  black  
line and was deduced b y  a least squares l i t  to 
the experimental data.
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Figure 5.3.3:13. N orm alised water conten t in  
mortar sample with an initial w /c  ratio o f  0.66, 
p lo tted  against the Boltzmann variable. The 
equation Cn=exp(-Tj2/0 .432)  describes the m aster  
curve, which is shown as a so lid  black line and  
was deduced b y  a least squares l i t  to the 
experimental data.
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Master profiles were also 
evaluated by least squares fit o f a Gaussian 
function, for the mortar samples with initial 
w /c ratio o f 0.46, 0.56 and 0.66. It is 
important to understand the fit o f the data 
from each mortar sample to a Gaussian 
function is only for comparison between 
the samples and other than that, there is no 
real scientific justification. The integral 
area under the master profile is evaluated 
for each of the mortar samples. The 
sorptivity o f each mortar sample is deduced 
using equation 2.5:9 (see section 2.5) and 
using the data shown in table 5.3.3:2. For 
each mortar sample, the value for G and the value for G  are both deduced, using the profiles in 
figure 5.2.3:3(b) and figure 5.2.3:3(c) respectively. The sorptivity values of the mortar samples are 
given in table 5.3.3:2 and figure 5.3.3:14 shows the sorptivity o f the mortar samples plotted the 
against w /c  ratio.
w /  c ratio Integral Area under 
master curves.
Volume fraction of 
water at start 
boundary of sample, 
Cs.
Volume fraction of 
water at end boundary 
of sample, G.
Sorptivity, S, in 
m m /m in 1/2
0.36 0.855 0.103 0.016 0.074
0.46 0.202 0.111 0.017 0.019
0.56 0.308 0.122 0.019 0.031
0.66 0.380 0.157 0.017 0.053
Table 5.3.3:2. Sorptivity data fo r water penetration through cem ent-m ortar sam ples
Figure 5.3.3:14 shows the penetrability o f water through the mortar samples generally increases 
with increasing w /c  ratio, except if the w /c ratio is too low. This implies the connectivity o f the 
pore throats in the mortar samples increases with increasing w /c ratio. When the initial w /c ratio 
of the mortar sample is too low, poor compaction and insufficient cement hydration results in 
micro-cracks forming in the material. Water can readily penetrate a mortar sample by sorption if 
the sample contains micro-cracks that run all the way through the sample, which explains the 
high sorptivity o f the mortar samples with initial w /c  ratio of 0.26 and 0.36. From figure 5.3.3:14 
it can be inferred the mortar sample with a w /c ratio o f 0.46 has the least penetrability to water, 
which implies the pores in this sample are the least connected.
0.09 - 
0.08 -
0.01 -
0.00 1 1 1-----------
0.3 0.4 0.5 0.6 0.7
w/c ratio
Figure 5.3.3:14. D ata show ing the sorptivity  
o f  m ortar sam ples as a function  o f  w /c  
ratio. The so lid  lin e  only serves as guidance  
to the eye.
125
5.4 SPECIFICS OF HYDROPHOBIC SILANE 
TREATMENT
One of the main mechanisms for water penetration through porous materials is by sorption. 
Water penetration by sorption through a capillary pore is dependent on the surface tension of the 
liquid, the contact angle between the liquid and the pore surface and the radius of the pore.
If water molecules are attracted to the surface o f a capillary pore then the contact angle, 
©, between water and the pore surface will be less than 90°, causing water to penetrate through 
the capillary pore by sorption. This is illustrated in figure 5.4.1(a). On the other hand, if water 
molecules are repelled from the pore surface then the contact angle, ©, between water and the 
pore surface will be greater than 90°. This will prohibit water sorption through the capillary, 
which is illustrated in figure 5.4:1 (b).
Air Surface of 
capillary is non­
hydrophobic
© < 90‘
Water
Air
Surface of 
capillary is 
hydrophobic
Water
Figure 5.4:1. Schem atic diagram s showing the behaviour o f  water in  a 
capillary tube that is  (a) n o t coated with hydrophobic substance and (b) 
coated with hydrophobic substance.
The molecular structure o f a silane molecule is shown in figure 5.4:2 [5.10]. A silane 
molecule has alkyl groups (CH3-) and alkoxy groups (OCII3 ) linked to a silicon atom. The 
silicon-oxygen bonds in a silane molecule are similar to the silicon-oxygen bonds in silicates that 
are present in cementitious materials. Silane molecules can therefore undergo a polymerisation 
reaction with the silicates in a cementitious material. The alkyl groups in silane have a fatty
fZG
character and the alkyl groups protrude outwards from the surface o f the substrate. Alkyl groups 
are hydrophobic, which means a water molecule is repelled from a silane molecule.
Silane treatment applied to concrete or cement-mortar is expected to make the capillary 
pores hydrophobic and therefore prohibit water penetration by sorption. Hydrophobic 
treatment is not expected to prohibit water molecules penetrating the porous material by 
mechanisms other than sorption. Some water is still expected to penetrate hydrophobic silane 
treated materials by molecular diffusion.
c h 3
C H 30  S i —  o c h 3
O C H 3
Figure 5.4:2. M olecular structure o f  Silane
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5.5 CHARACTERISATION OF LIQUID PHASE 
HYDROPHOBIC SILANE TREATMENT ON 
CEMENT-MORTAR
5.5.1 SAMPLE PREPARATION
Mortar samples, with a sand to cement ratio of 3:1 and a w /c ratio o f 0.26, 0.36, 0.46 and 0.56 
were manufactured using the method described in section 5.2.1. The mortar samples were 
allowed to hydrate in a sealed environment for 28 days then dried in a oven at a temperature o f  
~40 °C and pressure o f ~1 mbar for a further 7 days. The bottom flat surface o f each mortar 
sample was treated by dipping the end of the sample in a tray, filled with a monomeric alkyl 
(isobutyl) alkoxy silane (Fosroc Notocote SN511, ‘silane’) to a depth of ~1 mm, for 10 s. The 
silane in the mortar samples was allowed to polymerise for 3 months before the mortar samples 
were tested for water uptake. Before testing the samples for water uptake, the sides o f the 
cylindrical mortar samples, which had a length o f 30 mm and a diameter o f 20 mm, were coated 
with quickset epoxy resin. The two flat surfaces in each mortar sample were left without coating 
with resin and open to the atmosphere. The resin coating on each mortar sample was allowed to 
dry in the laboratory atmosphere for at least 24 hours before the sample was tested for the water 
uptake.
5.5.2 DATA ACQUISITION
Profiles o f the mortar samples were acquired before and after the silane treatment using the 
SPRITE technique. The SPRITE parameters used to acquire all profiles o f the mortar samples 
are shown in table 5.2.2:1. After allowing the silane in each mortar sample to polymerise for 3 
months, each sample was fixed to the water uptake apparatus shown in figure 5.2.3:1. The 
smooth treated surface o f each mortar sample was attached to the PTFE cap so that there was 
contact o f the treated surface with water from the burette. A series o f profiles o f each mortar 
sample were acquired in real time using the SPRITE technique and the method described in 
section 5.3.
5.5.3 RESULTS AND ANALYSIS
Figure 5.5.3:1 shows the masses o f the mortar samples (described in section 5.5.1) measured 
immediately after taking them out o f the moulds (before drying), measured after drying in the 
oven and measured after storing the samples in the laboratory air. The masses o f the mortar 
samples measured immediately before silane treatment, the masses o f the samples measured ~30 
s after silane treatment and the masses o f the samples measured 3 months after silane treatment 
is shown in figure 5.5.3:2. The mass of each mortar sample treated using silane increased by
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approximately 0.5%, which implies silane penetrated into the mortar samples during treatment. 
The masses of the mortar samples 3 months after silane treatment is generally greater by ~1% 
than the masses o f the mortar samples 30 s after silane treatment, except for the mortar sample 
with a w /c ratio of 0.26. This implies some water vapour diffused into the mortar samples, while 
the mortar samples were stored in the laboratory atmosphere. For the mortar sample with a w /c  
ratio of 0.26 more silane evaporated out of the sample than water vapour diffused into the 
sample. The mass of the mortar sample with w /c ratio of 0.26 recorded 3 months after silane 
treatment was therefore smaller than the mass o f the sample recorded ~30 s after silane 
treatment. For the mortar samples with a w /c ratio of 0.36, 0.46 and 0.56 the mass o f each 
mortar sample recorded 3 months after silane treatment is higher than the mass o f each sample 
recorded ~30 s after silane treatment. This implies, for the mortar samples 0.36, 0.46 and 0.56, 
less silane evaporated out o f each sample than the amount o f water vapour that entered each 
sample. Some water may also have evaporated out of die mortar samples during the silane 
treatment because the hydrophobic silane on entering gel pores will have displaced die water, 
causing it to evaporate.
-♦—  Before drying
20
-■—  After drying in 
oven
19 After storing in 
laboratoryODa
o 0.1 0.2 0.3 0.4 0.5 0.6
-♦—  Before silane 
treatment
20
-«—  30 s after silane 
treatment
19 3 months after 
silane treatment
18
17
0.10 0.2 0.3 0.4 0.5 0.6
w/c ratio w/c ratio
Figure 5.5.3:1. Curves showing the m ass o f  
the m ortar sam ples before drying■, after 
drying in the oven and after storing in the 
laboratory.
Figure 5.5.3:2. Curve show ing the m ass o f  
the m ortar sam ples before silane treatm ent, 
30 s after silane treatm ent and 3 m onths 
after silane treatment.
The mortar samples treated widi silane were coated with resin (see section 5.5.1 and 
section 5.5.2) then tested for water uptake. Figure 5.5.3:3 shows a significant increase in die mass 
of die mortar samples with a w /c ratio of 0.26 and 0.36, which implies water penetrated die 
treated surfaces o f diese samples. There is very litde change in the mass o f die mortar samples 
with a w /c ratio of 0.46 and 0.56, which implies very litde water penetrated the treated surface of
these samples. Figure 5.5.3:4 shows the average rate of mass decrease of the water reservoir was 
significantly greater than the average rate o f mass increase of each mortar sample, during each 
water penetration experiment. This implies a significant amount of water penetrated the mortar 
samples from the water reservoir but a significant amount of water was also lost from the mortar 
samples, during the water penetration experiments.
4 —  Before w ater penetration24
23
-A—  After w ater penetration
20
19
18 -
17
0.1 0.2 0.3 0.4 0.5 0.60
w/c ratio
Figure 5.5.3:3. Curves showing the m ass o f  
the m ortar sam ples after coating with resin  
but before water penetration and after water 
penetration.
0.0035
4 —  Mortar sample
0.0030 -
Water reservoir"3
0.0025
0.0020
0.0015
0.0010 -
0.0005
0.0000
0 0.1 0.2 0.3 0.4 0.5 0.6
w/c ratio
Figure 5.5.3:4. Curves show ing the average 
rate o f  m ass increase in the m ortar and  
average rate o f  m ass decrease o f  the water 
reservoir, during the water penetration  
experim ent.
Figure 5.5.3:5 and figure 5.5.3:6 show the SPRITE profiles of the mortar sample with 
w /c ratio of 0.26, acquired immediately before silane treatment and acquired ~10 minutes after 
silane treatment. The profile in figure 5.5.3:5 represents mainly mobile water gel pores, the 
profile in figure 5.5.3:6 represents both liquid silane and mobile water. Figure 5.5.3:6 suggests a 
significant amount of silane entered into the mortar sample with w /c ratio o f 0.26 but the silane 
is still mobile after ~5 minutes of the treatment. A significant amount of the silane that entered 
into the mortar sample with a w /c ratio of 0.26 has not bound onto the silicate matrix o f the 
sample. If the silane had been bound onto the silicate matrix of the mortar sample then the 
silane would not have been visible in the SPRITE profile because its spin-spin relaxation time 
would have been much smaller than the encoding time. Figure 5.5.3:6 also shows silane 
penetrated -2 0  mm into the mortar sample during the 10 s treatment, described in section 5.5.2. 
The SPRITE profile shown in figure 5.5.3:7 was acquired approximately three months after silane 
treatment o f the mortar sample with initial w /c ratio of 0.26. Figure 5.5.3:7 implies most of the 
mobile silane that was present in the mortar sample shortly after treatment either has evaporated
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out o f the sample or has bound to the matrix of the sample within 3 months. Figure 5.5.3:8 and 
figure 5.5.3:9 show SPRITE profiles o f the treated mortar sample with a w /c  ratio o f 0.26, 
immediately before the start o f water penetration and -1 0  minutes after the start o f water 
penetration respectively. In figure 5.5.3:9, the initial peak at position ~15 mm is caused by the 
water in the PTFE cap and the mortar sample is located right o f this peak. Figure 5.5.3:9 implies 
water penetrated through the treated surface of the mortar sample with initial w /c  ratio o f 0.26. 
Water penetrated through the entire length o f the mortar sample with initial w /c  ratio o f 0.26 and 
water flowed out in the liquid phase through the open end of the sample. For the mortar sample 
with a w /c ratio of 0.26, the silane treatment used did not significantly reduce water penetration 
through the sample.
For the mortar sample with a w /c ratio o f 0.36 the results are similar to the results o f the 
mortar sample with a w /c ratio o f 0.26. Figure 5.5.3:10 and figure 5.5.3:11 show SPRITE 
profiles o f the mortar sample with a w /c ratio of 0.36, which were acquired before silane 
treatment and —10 minutes after silane treatment respectively. Figure 5.5.3:11 shows the position 
of the treated end surface o f the mortar sample with w /c ratio is at -1 5  mm. The profile in 
figure 5.5.3:11 represents both liquid silane and water. Figure 5.5.3:11 shows a significant 
amount o f silane that entered the mortar sample with an initial w /c  ratio o f 0.36 has not bound 
to the solid matrix o f the mortar sample within 10 minutes o f the treatment. Figure 5.5.3:11 also 
shows silane penetrated -2 0  mm into the mortar sample after the 10 s treatment, described in 
section 5.5.2. The SPRITE profile shown in figure 5.5.3:12 was acquired approximately three 
months after silane treatment o f the mortar sample with initial w /c  ratio o f 0.36. Figure 5.5.3:12 
implies a significant amount o f silane that entered the mortar sample either has evaporated out o f  
the sample or has bound to the matrix o f the mortar sample within 3 months. Figure 5.5.3:13 
and figure 5.5.3:14 show SPRITE profiles of the treated mortar sample with a w /c  ratio o f 0.36, 
immediately before the start o f water penetration and -1 0  minutes after the start o f water 
penetration respectively. In figure 5.5.3:14, the initial peak at position —15 mm is caused by the 
water in the PTFE cap and the mortar sample is located right o f this peak. Figure 5.5.3:14 infers 
a significant amount o f water penetrated the mortar sample with a initial w /c ratio o f 0.36 within 
—10 minutes. Figure 5.5.3:15 shows water penetrates at least two thirds o f the mortar sample 
with an initial w /c  ratio o f 0.36, within 24 hours after water is allowed to have contact with the 
sample. This implies the silane treatment did not significantly reduce water penetration through 
the mortar sample with a w /c ratio o f 0.36.
Figure 5.5.3:16 and figure 5.5.3:17 show SPRITE profiles of the mortar sample with a 
w /c ratio o f 0.46 acquired before silane treatment and acquired -1 0  minutes after silane 
treatment respectively. Figure 5.5.3:17 infers silane entered the mortar sample with w /c ratio o f 
0.46. The profile in figure 5.5.3:17 represents both silane and mobile water, although the silane in 
the mortar sample is not very visible. This implies less silane entered the mortar sample with a
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initial w /c  ratio o f 0.46 than the mortar samples with a initial w /c ratio of 0.26 and 0.36. Figure 
5.5.3:18 shows the SPRITE profile o f the mortar sample with w /c ratio o f 0.46, acquired 3 
months after silane treatment. Figure 5.5.3:18 implies the amount o f mobile silane at the treated 
end o f the mortar sample decreased over a period of 3 months. Figure 5.5.3:19 and figure 
5.5.3:20 show SPRITE profiles o f the mortar sample with a w /c ratio o f O.4.6 after silane 
treatment, immediately before the start of water penetration and ~ 1 0  minutes after the start of 
water penetration respectively. In figure 5.5.3:20, the initial peak at position ~15 mm is caused 
by the water in the PTFE cap and the mortar sample is located right o f this peak. Comparison of  
figure 5.5.3:20 with figure 5.5.3:14 implies the rate o f water penetration is lower through the 
mortar sample with an initial w /c  ratio o f 0.46, than in the mortar sample with an initial w /c  ratio 
of 0.36. Figure 5.5.3:21 shows the SPRITE profile o f the mortar sample with an initial w /c  ratio 
o f 0.46, approximately 24 hours (1440 minutes) after water was allowed to have contact with the 
sample. Comparison of figure 5.5.3:21 with figure 5.3.3:2 (1425 minutes profile) suggests the 
water front advances very little in the treated mortar sample relative to the untreated mortar 
sample, when the initial w /c ratio o f the mortar sample is 0.46. This implies the silane treatment 
significantly reduced water penetration through the mortar sample with an initial w /c  ratio of 
0.46.
The results for the mortar sample with an initial w /c  ratio of 0.56 are very similar to the 
results o f the mortar sample with initial w /c ratio o f 0.46. It can be inferred from figure 5.5.3:22 
and figure 5.5.3:23 that some silane enters the mortar sample with an initial w /c  ratio o f 0.56. 
Figure 5.5.3:25, figure 5.5.3:26 and figure 5.5.3:27 imply the silane treatment significantly reduces 
water penetration through the mortar sample with an initial w /c  ratio of 0.56. The peak in the 
profile between position 20 mm and position 30 mm in figure 5.5.3:25 occurs because the PTFE 
cap attached to the mortar sample was slightly wet when the profile was acquired.
In summary, for the mortar samples with w /c ratio of 0.26 and 0.36 the silane treatment 
used (as described in section 5.5.1) did not significantly reduce water penetration through the 
samples. On the other hand, for the mortar samples with initial w /c ratio o f 0.46 and 0.56 the 
silane treatment used (as described in section 5.5.1) did significantly reduce water penetration 
through the samples. This may be because there was poor compaction in the mortar samples 
with w /c  ratio o f 0.26 and 0.36 and the samples contained large micro-cracks (see section 1.2). 
Large micro-cracks in the mortar samples would allow water to penetrate through the samples by 
permeation rather than sorption; hence, hydrophobic treatment was ineffective in these samples. 
Water penetration was significantly reduced in the silane treated mortar samples with initial w /c  
ratio o f 0.46 and 0.56 because theses samples did not contain micro-cracks.
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5.6 APPLICATION OF VAPOUR PHASE 
HYDROPHOBIC SILANE TREATMENT
5.6.1 SAMPLE PREPARATION
The experiments described in this section were carried out using mortar samples that were 
manufactured by a final year undergraduate civil engineering student (A. Gillies) [5.9]. Mortar 
samples were produced with sand to cement ratio of 3:1 and a w /c ratio o f 0.4 and 0.6. The 
samples were manufactured by mixing 1 kg o f Ordinary Portland cement powder (BS12 , 42.5) 
with 3 kg sharp sand (5 mm down Thames Valley river sand). The required quantity of 
distilled water was added to the sand and cement mix to achieve the correct free water content, 
making due allowance for the absorption of water by the aggregate. The mixing was carried 
using a propriety food blender for approximately 30 s. The mortar samples were cast into 300 
mm lengths o f 21 mm internal diameter plastic piping supported by retort stands. The cast 
samples in the pipes were vibrated to improve compaction and to remove entrained air bubbles. 
The mortar samples were sealed in the plastic pipes and the samples were allowed to hydrate in 
the sealed condition for 28 days.
After hydrating the mortar samples in the plastic pipes for 28 days the samples were cut 
using a diamond saw into lengths of approximately 25-30 mm. The cylindrical sides o f the 
mortar samples were coated in a thin layer of epoxy resin, leaving the two flat ends o f each 
sample open to the atmosphere. The resin was allowed to dry on each mortar sample and the 
samples were allowed to equilibrate at 50% RH and 20 °C for a further 5 days.
Vapour treatment was applied to some of the mortar samples by placing them inside a 
glass jar that also contained a smaller jar holding liquid silane. The primary jar was sealed and the 
samples were left for 48 hours.
5.6.2 DATA ACQUISITION
To assess the efficacy o f the vapour treatment in reducing water penetration, all the mortar 
samples were stood end on in a dish o f shallow (< 1  mm) water with the top end of each sample 
open to the laboratory atmosphere. The samples were periodically removed from the water then 
dabbed dry, before profiles were acquired using the SPRITE technique. The SPRITE parameters 
that were used are shown in table 5.6.2:1. These SPRITE parameters were chosen to allow 
profiles o f the mortar samples to be acquired with minimal time and sufficient signal to noise 
ratio. The SPRITE profiles acquired represents the mobile water in the mortar samples. The 
chemically combined water and the epoxy resin are not visualised in the profiles because they 
have spin-spin relaxation times that are considerably shorter than the encoding time o f the 
SPRITE sequence.
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Parameter. SPRITE
resonance frequency 30 MHz
R.F. pulse duration, TP 1.5 ps
Flip angle, a 10°
Number of excitation pulses applied. 128
Number o f gradient steps 128
Amplitude o f field gradient 0.3 Tnr1
Time at which the single point is acquired, i.e. the encoding time, tP. 30 ps
Image resolution after Fourier transforming 0.340 mm per pixel
Excitation pulse interval, TR. 2 ms
Number o f scans co-added to improve signal to noise ratio. 128
Scan repetition time 2 s
Time taken to acquire each image ~5 minutes
Table 5.6.2:1. D etails o f  the S P R IT E  param eters that were used  to acquire pro files o f  
m ortar sam ples in  assessing hydrophobic vapour silane treatm ent efficacy.
5.6.3 RESULTS AND ANALYSIS
Figure 5.6.3:1 shows the SPRITE profile o f an untreated mortar sample with an initial w /c ratio 
of 0.4 (described in section 5.6.1) that was acquired before the start of water penetration. The 
SPRITE profile that is shown in figure 5.6.3.T represents mobile water, which is in both capillary 
and gel pores. Figure 5.6.3:2 shows a profile of the untreated mortar sample with initial w /c  o f 
0.4, after water was allowed to have contact with one end of the sample for 1 hour. In figure 
5.6.3:2, water can be “seen” entering the mortar sample from the left side. The small spike at 
position 10 mm in figure 5.6.3:2 was caused by a small droplet of water in the magnet just before 
the start o f the sample. The start position o f the mortar sample is at position ~13 mm, in the 
profile o f figure 5.6.3:2. Figure 5.6.3:3 shows the SPRITE profile o f the same mortar sample, 
with an initial w /c  ratio o f 0.4, acquired after the sample was allowed to stand in water for 4 
hours. The profile in figure 5.6.3:3 infers water readily penetrates the untreated mortar sample 
with initial w /c o f 0 .4 .
Figure 5.6.3:4 shows the SPRITE profile acquired from a mortar sample with an initial 
w /c ratio 0.4 after the sample was treated with vapour phase silane (described in section 5.6.1) 
and immediately before water uptake by the sample. The profile in figure 5.6.3:4 represents 
mobile water in both capillary and gel before the start o f water penetration through the mortar 
sample. Figure 5.6.3:5 shows the SPRITE profile acquired from the vapour phase silane treated 
mortar sample with an initial w /c ratio 0.4 after it was allowed to have contact with water at one 
end surface, for 1 hour. The profile in figure 5.6.3:5 implies, very little water has penetrated into 
the vapour silane treated mortar sample with a w /c ratio o f 0.4. Figure 5.6.3:6 shows the
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SPRITE profile acquired from the mortar sample with w /c ratio o f 0.4 after water contact with 
the sample for 4 hours. Figure 5.6.3:6 implies, only a small amount o f water penetrates the 
mortar sample with an initial w /c  ratio o f 0.4 after the sample is treated with vapour phase silane. 
Figure 5.6.3:6 when compared to figure 5.6.3:3 infers water penetration is lower through the 
mortar sample that has been treated with vapour phase, hydrophobic silane. This implies the 
vapour phase hydrophobic silane treatment used can significantly reduce water penetration 
through mortar samples manufactured with an initial w /c ratio of 0.4.
Figure 5.6.3:7 shows the SPRITE profile o f an untreated mortar sample with an initial 
w /c ratio o f 0.6 (described in section 5.6.1) that was acquired before the start o f water 
penetration. The SPRITE profile that is shown in figure 5.6.3:7 represents mobile water, which 
is in both capillary and gel pores. Figure 5.6.3:8 shows a profile o f the untreated mortar sample 
with initial w /c  of 0 .6 , after water was allowed to have contact with one end of the sample for 1 
hour. In figure 5.6.3:8, water can be “seen” entering the mortar sample from the left side. The 
start position o f the mortar sample is at position ~10 mm, in the profile o f figure 5.6.3:8. Figure 
5.6.3:9 shows the SPRITE profile of the same mortar sample, with an initial w /c ratio o f 0.6, 
acquired after the sample was allowed to stand in water for 4 hours. The profile in figure 5.6.3:9 
suggests water readily penetrates the untreated mortar sample with initial w /c  o f 0.6. By 
comparing figure 5.6.3:9 with figure 5.6.3:3 it can be inferred the rate o f water penetration 
through the mortar sample is greater when its initial w /c  ratio is 0 .6  than when its initial w /c  
ratio is 0.4. This implies the mortar sample with an initial w /c  ratio o f 0.6 has a pore 
microstructure that is more connected than the mortar sample with an initial w /c  ratio o f 0 .4 .
Figure 5.6.3:10 shows the SPRITE profile acquired from a mortar sample with an initial 
w /c ratio o f 0 .6 , after the sample was treated with vapour phase silane. The profile in figure 
5.6.3:10 was acquired immediately before water uptake and it represents mobile water in both 
capillary pores and gel pores. The profile in figure 5.6.3:10 shows a gradient, which implies the 
quantity o f water in the mortar sample is decreasing, going from left to right along the sample. 
This implies there was partial water evaporation from the sample, while it was equilibrating in the 
laboratory for 5 days. There is no significant gradient in the SPRITE profile shown in figure 
5.6.3:4, which implies there was little water evaporation from the mortar sample with an initial 
w /c ratio o f 0.4. A comparison of figure 5.6.3:4 with figure 5.6.3:10 implies the capillary pores 
are less connected in a mortar sample when the w /c ratio is 0.4 than when the w /c ratio is 0.6. 
Figure 5.6.3:11 shows the SPRITE profile of the vapour phase silane treated mortar sample with 
an initial w /c  ratio o f 0.6, after standing the sample in water for 1 hour. Figure 5.6.3:11 shows 
water penetrates the mortar sample. Figure 5.6.3:12 shows the SPRITE profile acquired from the 
vapour phase silane treated mortar sample with a w /c ratio o f 0.6  after the sample was allowed to 
stand in water for 4 hours. From figure 5.6.3:12 it can be inferred water penetration into the 
mortar sample with an initial w /c  ratio of 0 .6 , was not significantly reduced by the vapour silane
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treatment used. One possible reason for vapour phase silane treatment not significantly reducing 
water penetration in the mortar sample with an initial w /c  ratio o f 0 .6  is because the sample 
contains capillary pores that are efficiently inter-connected with each other. The volatile silane 
molecules diffuse through the connected pores in the mortar sample with an initial w /c  ratio of 
0 .6 , too quickly without being held in the sample long enough for polymerisation to occur 
between the silane and silicates. On the other hand, the capillary pores are less efficiently inter­
connected in the mortar sample with an initial w /c  ratio of 0.4, than in the mortar sample with an 
initial w /c  ratio o f 0.6. Diffusion of the vapour silane molecules is expected to be slower 
through the mortar sample with an initial w /c ratio of 0.4, than through the mortar sample with 
an initial w /c  ratio o f 0.6. This implies silane molecules have contact with the silicates in the 
mortar for a longer time, when the intial w /c  ratio is 0.4 than when the initial w /c  ratio is 0.6. 
The chance o f polymerisation of the silane molecules is therefore greater in the mortar sample 
with a w /c  ratio o f 0.4, than in the mortar sample with a w /c ratio o f 0.6. Hence, the vapour 
silane treatment used was more efficient in reducing water penetration through the mortar 
sample when the initial w /c ratio was 0.4 than when the initial w /c ratio was 0.6.
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5.7 CONCLUSIONS
This chapter has discussed the application of the NMR SPRITE technique for acquiring 
quantitative and spatially resolved information, which allows the characterisation of water 
penetration through both treated and untreated cement-mortar samples. The NMR profiling 
technique was particularly useful because it is both non-destructive and non-invasive, which 
allowed time course studies o f a single mortar sample. Profiles o f mortar samples can be 
acquired using the SPRITE technique, which allows bound water to be distinguished from 
mobile water.
This chapter described the studies that were done using mortar samples manufactured 
with an initial w /c  ratio ranging from 0.26 to 0.66. From the results presented in this chapter it 
was inferred the quantity o f water in saturated cement-mortar samples generally increases with 
increasing initial w /c ratio when there are no micro-cracks in the sample. The quantity o f water 
in each saturated cement-mortar sample can be correlated to the porosity o f the sample. Out o f  
the mortar samples investigated, the results showed the sample with an initial w /c  ratio o f 0.36 
had the smallest porosity. The results suggested if the initial w /c  ratio o f the cement-mortar is 
lower than 0.36, then the porosity mainly increases due to the presence o f micro-cracks. On the 
other hand, if the initial w /c  ratio o f cement-mortar is greater than 0.36 then the porosity 
increases mainly due to the presence o f capillary pores.
The results presented in this chapter have showed water can penetrate untreated cement- 
mortar, regardless o f the initial w /c ratio. Penetration of water occurs mainly by sorption and 
vapour diffusion. The results implied some water that penetrated into the cement-mortar 
samples became chemically bound due to delayed hydration with cement. Delayed cement 
hydration could result in the constriction o f capillary pores and also repair o f micro-cracks in 
mortar samples during water penetration, thus inhibiting further water penetration through the 
sample. The results suggested the rate of water penetration through cement-mortar is mainly 
dependent on the connectivity o f capillary pores in the sample. The rate o f water penetration 
through the mortar sample is also dependent on whether or not there are micro-cracks present in 
the sample. If there are any micro-cracks present in the mortar sample then the rate o f water 
penetration through the sample is enhanced considerably. Out of the cement-mortar samples 
with initial w /c ratio o f 0.26, 0.36, 0.46, 0.56 and 0.66, the rate o f water penetration was smallest 
in the sample with an initial w /c ratio of 0.46. The penetrability o f the mortar sample with an 
initial w /c ratio o f 0.36 was higher than the penetrability o f the mortar sample with an initial w /c  
ratio o f 0.46, during the first 4 hours of water penetration. This implies the mortar sample with 
an initial w /c ratio of 0.36 had many small micro-cracks, which were later repaired by delayed 
cement hydration during water penetration. For the mortar sample with an initial w /c  ratio o f
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0.26 water penetration was fastest because the sample had too many relatively large micro-cracks, 
which could not be repaired even by any delayed cement hydration.
Liquid phase hydrophobic silane treatment significantly reduced water penetration 
through the cement-mortar samples with an initial w /c ratio o f 0.46 and 0.56. For the cement- 
mortar samples with an initial w /c ratio o f 0.26 and 0.36, silane treatment did not significantly 
reduce water penetration, although a significant amount o f silane entered these samples during 
treatment. The reason for silane treatment not prohibiting water penetration through the mortar 
samples with an initial w /c  ratio o f 0.26 and 0.36 is attributed to the presence o f micro-cracks in 
the samples, which allowed permeation of water through the samples to dominate. The results 
showed water vapour is able to diffuse through all mortar samples, even after hydrophobic silane 
treatment.
Finally, the application of hydrophobic silane in the vapour phase was described for the 
first time and results suggested vapour phase silane treatment could considerably reduce water 
penetration through cement-mortar. The work on vapour phase hydrophobic silane treatment 
presented in this thesis has been limited and further studies are needed to optimise the treatment.
For future research, the SPRITE technique can be developed so that it allows acquisition 
o f 3-D images o f cement-mortar samples. With the acquisition o f 3-D images, it should be 
possible to directly visualise and measure the size o f capillary pores or micro-cracks within 
cement-mortar samples. It is very important to evaluate the shape o f capillary pores so 
mathematical models can be developed, which calculates the penetrability o f cement-mortar 
based on the shape and connectivity o f the pores. The results presented in this chapter have 
suggested that the shape and connectivity o f capillary pores is dependent on the initial w /c  ratio 
o f the cement-mortar. With 3-D imaging, this theory can be tested.
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CHAPTER 6
ION BEAM ANALYSIS 
THEORY AND 
INSTRUMENTATION
6.1 INTRODUCTION
When an ion beam strikes a target material, it initiates a series o f processes that may result in the 
emission o f radiation. Ion Beam Analysis is the observation and measurement o f the radiation 
emission to infer the distribution and quantity o f elements or isotopes in a target that a priori is 
unknown.
Four main analytical techniques can be carried out using an ion beam and ion beam 
analysis is a generic term for them. The four main ion beam techniques are nuclear reaction 
analysis (NRA), particle induced X-ray emission (PIXE), Rutherford backscattering (RBS) and 
elastic recoil detection (ERD). The three ion beam techniques that are described in this chapter 
and that have been used for the study of cement-mortar are the PIXE, NRA and RBS 
techniques. Usually PIXE, NRA and RBS are carried out separately. For the first time here, 
PIXE, NRA and RBS are carried out simultaneously to study water and chloride diffusion 
through cement-mortar.
It becomes possible to carry out PIXE, NRA and RBS analysis together by using a 3He 
ion beam. When a 3He ion beam irradiates a target material the ions penetrate the surface o f the 
material before coming to rest. Section 6.2 o f this chapter gives a brief explanation o f some
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common terms that are used for describing ion beam analysis. While the 3He ions are traversing 
the material, they undergo collisions with electrons that are ejected from their atomic shells in the 
target material. These then emit their characteristic X-rays hence allowing the PIXE technique to 
be used. In section 6.3, a brief theoretical description o f the PIXE technique is presented. If 
naturally abundant water (H2O) is doped with heavy water (D2O) an incident 3He ion can react 
with the deuterium nucleus (2Di), producing energetic protons and allowing the NRA technique 
to be used. Section 6.4 in this chapter gives theoretical background information regarding the 
NRA technique. The theoretical description of ion beam analysis given in this thesis is limited to 
the techniques o f PIXE, NRA and RBS using the 3He ion beam. A more detailed description 
regarding PIXE can be found in literature by Johansson & Johansson [6.1], Johansson & 
Campbell [6.2] and Bambgneck et al. [6.3]. The background theory regarding NRA theory can be 
found in literature by Amsel & Lanford [6.4], Dieumegard et al. [6.5], Moller & Besenbacher
[6 .6], Ziegler [6.7] and Tesmer & Nastasi [6 .8]. An excellent description of the RBS technique is 
given by Chu et al [6.9].
The detection and measurement o f radiation from a target material is the crucial step in 
ion beam analysis. To carry out Ion Beam Analysis work it is necessary to have a reliable 
accelerator, electronic steering plates, detectors and software. Section 6.5 o f this chapter contains 
a brief description of the instrumentation that is used for taking ion beam data. Instrumentation 
for ion beam analysis work at the University of Surrey has been developed over a period o f many 
years. A detailed description o f the main components in the ion beam accelerator can be found in 
literature by Van de Graaff [6.10], Mynard et al. [6.11], Sealy et al. [6.12], McKenzie [6.13] and 
Lennard et al. [6.14].
6.2 EXPLANATION OF COMMON ION BEAM 
ANALYSIS TERMS
6.2.1 CROSS SECTION
A number of different processes occur when a beam of particles is applied onto a sample. The 
cross section, a, is a quantity that gives an indication of the probability o f a particular process 
occurring. The greater the cross section of a particular interaction, the greater is the probability 
that the interaction occurs. The cross section has dimensions o f area, hence, the name cross 
section. Cross section, a, is based on the concept that the greater the effective cross-sectional 
area o f the target particle as seen by the incident particle the greater is the probability that an 
interaction will occur. The unit used for a  is the barn (1 bam = 1028 m2).
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6.2.2 INTERACTIONS OF A HEAVY CHARGED PARTICLE
A heavy charged particle, such as 3He, can undergo collisions with electrons or atomic nuclei. 
The extent to which each type o f interaction occurs determines how quickly the particle loses 
kinetic energy and the maximum depth it can reach.
Collisions with bound atomic electrons are the main mechanism by which a heavy 
charged particle, such as a 3He ion, loses energy while traversing matter. When a collision occurs, 
one or more atomic electrons may undergo a transition to a higher energy bound state, which is 
called excitation or the transition may be to an unbound state, which is called ionisation.
In general, if a charged particle changes its speed or direction in a collision, 
electromagnetic radiation is emitted, and this radiation is called bremsstrahlung radiation. When 
a fast 3He ion collides with an electron very little bremsstrahlung radiation is emitted by the 3He 
ion because a single electron has a very small effect on its velocity. On the other hand, an 
electron resulting from ionisation will decelerate rapidly as it interacts with other atoms and 
produce a significant amount o f bremsstrahlung radiation. In a PIXE X-ray spectrum, 
bremsstrahlung is one o f the sources o f background signal. The maximum energy of the 
bremsstrahlung radiation is approximately 1.2 keV.
A heavy charged particle, such as a 3He ion, can undergo an elastic collision with an 
atomic nucleus, which may cause deflection o f the incident particle due to the coulomb 
interaction and this is called Rutherford scattering. The total kinetic energy o f the particles is 
conserved during an elastic collision. In some instances, an incident heavy charged particle may 
undergo an inelastic collision with an atomic nucleus. The total kinetic energy of the colliding 
particles is not conserved during an inelastic collision and this can occur when the collision 
results in a nuclear reaction.
6.2.3 LINEAR STOPPING POWER
The linear stopping power for a charged particle in a given absorber is the differential kinetic 
energy loss for that particle within the absorber divided by the differential path length traversed. 
The value o f the linear stopping power is also called the specific energy loss o f the particle. The 
linear stopping power, S, is defined by equation 6.2.3:1, where E is the particle energy and x is the 
distance traversed by the particle in the absorber material.
dE 6.2.3:1
S = -------
dx
Tabulated values o f stopping powers can be derived from theory and from experimental data
[6.15]. The range, R, of a particle with an initial energy Ei, can be found by numerical integration, 
viz.
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6.2.4 ENERGY STRAGGLING
At the microscopic level the interactions o f a specific particle in matter is a random process, and 
the energy loss o f a particle is a stochastic process. A beam of initially mono-energetic particles 
will therefore always have a spread of energies after traversing through an absorber material o f  
any thickness, and this process is called energy straggling.
6.2.5 IO N  BEAM YIELD
The general expression for the yield, Y, of reaction products from a layer o f sample between 
depth z and depth 0, using either the NRA or PIXE technique is:
Y = N, j  N(z)J G(E0,E i)J F(E2,E i,z)o(E z)dE2dEjdz
0 0 0
Where, Ni is the number of incident ions and N(z) is the number of atoms per cm2 in a layer of 
thickness dz at depth z. In equation 6.2.5:1, G(Eo, Ei) is the distribution of the initial energy, Ej, 
o f the incident ion beam with a mean energy of Eo. The distribution, G(Eo, Ei), is due to 
limitations o f the ion beam instrumentation and F(EZ, Ei, z) is the energy distribution caused by 
straggling with a mean energy Ez that occurs at a depth of £, and with an initial energy at the 
surface o f Ei. Finally, a (E z) is the reaction cross section when the incident particle energy is Ez.
6.3 PARTICLE INDUCED X-RAY EMISSION 
(PIXE)
6.3.1 HISTORICAL BACKGROUND AND APPLICATIONS OF 
PIXE
The technique o f PIXE involves exciting the atoms o f a specimen so that after the atoms relax 
back to the ground state they emit characteristic X-rays, which are then detected. The 
characteristic X-ray energy allows identification of the element, and the intensity o f the X-ray can 
be converted to atomic concentrations in the specimen.
Chadwick gave the first report o f ion-induced X-rays in 1912 [6.1, 6.16], after he used 
alpha particles from radioactive sources. It was only after the development o f the Van de Graaff
accelerator [6.10] and the Si(Li) X-ray detector that in 1970 T.B. Johansson et al [6.17] introduced 
the technique o f particle-induced X-ray emission (PIXE) as an analytical tool.
The early applications o f PIXE used a proton beam, and the technique was found to be 
useful in biology, medicine, environmental analysis, oceanography, geology, materials science, and 
metallurgy [6.1]. The unique advantage o f PIXE arises because it is a multi-elemental technique 
with excellent sensitivity, achieving detection limits o f 1 part per million (ppm) in favourable 
specimen types. Another advantage o f PIXE is that it is a non-destructive technique, which is 
important for applications in valuable specimen materials such as works o f art or archaeological 
artefacts. The PIXE technique is also an absolute analysis method, and results can be expressed 
in terms o f mass or concentration. More recent developments in the PIXE technique allows the 
ion beam to be focused to a few microns, so that it can be scanned across the surface o f a 
specimen and thus provide concentration data as a function of position [6.18].
6.3.2 OUTLINE OF THE PIXE TECHNIQUE
In the PIXE technique, a beam of particles, such as 3He ions, is applied to the sample or target 
material. Each particle in the beam loses some o f its kinetic energy during inelastic collisions 
with the atomic electrons in the material. If the energy dissipated to the atomic electron during 
the collision is greater than the binding energy of the electron then that electron is ejected from 
the atom. The electron shell model of the atom can be used to describe the energy levels of 
electrons in an atom. In the electron shell model, electrons exist with discrete energy levels. The 
discrete electron energy levels are labelled alphabetically K, L, M, N, etc., and they are known as 
electron shells. The K electron shell corresponds to the lowest potential energy o f the electron 
because it is closest to the positively charged nucleus of the atom. The L shell is the second 
closest to the nucleus and it corresponds to a higher potential energy than the K shell. The M 
shell corresponds to the third highest electron potential energy, and the N shell corresponds to 
the fourth highest potential energy, and so on, with letters further along the alphabet denoting 
shells with higher potential energy. A particle in the ion beam may collide with an electron in the 
K, or L shell o f the atom, and this may result in the ejection o f the electron, causing the atom to 
be in a highly excited state. An electron falling from a higher energy shell in the atom fills the 
vacancy in the lower energy shell, causing the atom to de-excite to its ground state. As the atom 
de-excites to its ground state, the potential energy of the atom can be released in the form o f a 
characteristic X-ray photon. Figure 6.3.2:1 shows an example to illustrate how an X-ray photon 
is induced after a He3 ion beam particle collides with an inner shell electron in a Q atom. The 
energy o f the characteristic X-ray photon, induced by the ion beam, is equal to the difference in 
potential energy of the electron shells that correspond to the transition o f the electron during the 
de-excitation of the atom.
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Ejected electron 
from K shell
Nucleus
Electron falls from L shell to fill 
vacant space in lower energy level 
K shell, releasing excess energy asKq X-ray photon
a Ka X-ray photon.
Figure 6.3.2:1. Schem atic diagram to illustrate 3H e ion  beam  P IX E  technique, u sing  a 
sim p lified  m o d e l o f  the C l atom.
The nomenclature used to describe the characteristic X-ray photons that are induced 
during electron transitions in an atom is explained by figure 63.2.2. The arrangement o f electron 
shells in any particular element is unique. An X-ray photon induced by a particle in an ion beam 
has energy that is characteristic of a specific electron transition in a specific element. For
example, an electron transition from an L shell to a K shell in a Cl atom corresponds to the
emission o f a characteristic Cl Ka X-ray photon. Table 6.3.2.T lists the energy o f characteristic 
X-rays from elements that may be found in a cement mortar sample after a diffusion experiment 
with NaCl solution. The L X-ray photons have a much smaller energy than the K X-rays hence 
the L X-rays can be filtered so they are not seen in the X-ray spectrum. In theory the PIXE 
technique can be used to identify and measure the concentration of atoms of almost any element, 
with an atomic number greater than three, by measuring the energy and intensity o f the 
characteristic X-ray respectively. It should be noted that with use o f a more accurate quantum 
mechanical model, to explain the experimental data, it can be understood that the L, M, N etc. 
electron shells are not mono-energetic, as shown in figure 6.3.2:2, but each is split into multiple 
subshells. However, the detector used in the experiments reported here did not have sufficient
resolution to resolve the resulting IQi, K«2 etc. lines.
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Figure 6.3.2:2. Diagram  to show  the nom enclature used to describe characteristic X - 
ray photons that originate from  electron transitions betw een K yL ,M , a n d N  electron  
shells.
Element Atomic Number X-ray Photon Energy in keV
Kp Li
Na 11 1.041 1.071 0.063
Mg 12 1.253 1.302 0.089
Al 13 1.485 1.557 0.118
Si 14 1.740 1.836 0.149
S 16 2.308 2.464 0.229
Cl 17 2.622 2.816 0.270
K 19 3.313 3.587 0.379
Ca 20 3.691 4.014 0.438 ■
Table 6.3.2:1. E nergy o f  som e characteristic X-ray photons from  elem ents that are 
typically p resen t in  cem ent mortar.
D ata from  G. KA Y E  A N D  T. LA B Y. Tables o f  Physical and  Chemical Constants. (1986). [6.19].
6.3.3 IONISATION CROSS SECTION AND FLUORESCENCE 
YIELD
In general, the cross section for ionising a particular atomic shell of an element increases as the 
energy of the ion beam increases until a maximum value is reached. The maximum cross-section 
is reached when the ion beam particle energy equals the orbital velocity o f the electron to be 
ejected. As die particle in the ion beam exceeds the electron orbital energy the cross-section 
slowly decreases. The K-shell ionisation cross section values for different 3He ion beam energies 
have been tabulated by Cohen and Harrigan [6.20] using the ECPSSR dieory. Brandt and Lapicki 
[6.21, 6.22] describe the ECPSSR dieory in detail. The foil details of the ECPSSR theory is 
beyond the scope of this thesis. It is suffice to say here, Brandt and Lapicki derived the ECPSSR 
theory after modifying expressions for the plane-wave Bom approximation by incorporating 
polarisation and binding effects in the perturbed stationary state (PSS) approximation and by 
correcting for relativistic (R), energy loss (E), and Coulomb deflection (C) effects. Figure 6.3.3:1 
shows the ionisation cross section as a function of 3He ion beam energy between 0 and 2 MeV 
for elements S, Cl, and Ca, which have atomic numbers 16, 17, and 20 respectively. The 
dependence of the ionisation cross section on the energy of the ion beam implies that if a 1.6 
MeV 3He ion beam is used then the X-rays from elements S, Q, and Ca in a target material will 
be coming mainly from the surface.
3000
j=
c  2000 -
1000
0.5 1 1.5
Energy in MeV
Figure 6.3.3:1. Curves show  the K -shell ionisation cross-section as a function 
o f3H e energy for elem ents S, Cl, and Ca. Values for the ionisation cross 
section have been taken from ECPSSR theory data tables [6.24].
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For the elements S, Cl, and Ca, with an ion beam energy range between 0 to 2  MeV, the 
ionisation cross section decreases with increasing atomic number. The probability for producing 
X-rays is dependent on the ionisation cross section and it is dependent on the fluorescence yield. 
If a particle in the ion beam produces a K-shell vacancy then the atom will de-excite within about 
1 0 16 s, which is dependent on the electronic transition probability, k. The de-excitation process 
of the atom may result in the emission of characteristic K X-rays or the de-excitation process 
may result in the release o f Auger electrons. If the de-excitation process o f the atom results in 
the emission of characteristic K X-rays then some of the X-rays are detected in the PIXE 
technique. The probability that the de-excitation will be via emission o f K X-rays is known as 
the K-shell fluorescence yield, COk. The relationship between ox and atomic number, Z, can be 
described by equation 6.3.3:1, which was first proposed by Bambynek et al. [6.3] and revised by 
Johansson and Campbell [6.2], providing the coefficients, Bi, listed in table 6.3.3:1.
GX
i - ® k
% , 6.3.3:1
i=0
Bo (3.70 ±  0.52) x 10-2
Bi (3.112 ±0.044) x 10-2
b 2 (5.44+0.11) x 10-5
b 3 -(1.25+0.07) x 10-6
Table 6.3.3:1. C oefficients fo r evaluation o f  K -shell fluorescence y ie ld s [6.2]
The values for ox have been
evaluated using equation 6.3.3:1
for atomic numbers from 0  to
100 , and they have been used to
draw the Fluorescence yield
curve shown in Figure 6 .3 .3:2.
In general, it can be seen from
figure 6.3.3:2 that the K-shell
Fluorescence yield increases with
increasing atomic number.
’ 0 10 20 30 40 50 60 70 60 90 100
Atomic Number, Z ^  croSS Section for
producing K X-rays, Ok, using an
F igu re 6.3.3:2. T he K -sh e ll flu orescen ce y ie ld s  as a
fu n ction  o f  a to m ic  num ber. *on beam is proportional to the
ionisation cross section, ex, the 
fluorescence yield, GX, and the electronic transition probability k [6 .1].
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The intensity o f K X-rays from atoms in a sample is therefore dependent on the type o f elements 
in the sample and the concentration of the atoms of each type o f element in the sample.
6.4 NUCLEAR REACTION ANALYSIS (NRA)
6.4.1 HISTORICAL BACKGROUND AND APPLICATIONS OF 
NRA
The theory o f the physics underlying NRA was developed from the early experiments in low 
energy nuclear physics during the 1930’s [6.23]. NRA became a standard analytical tool after the 
1960s, when accelerator, detectors, spectrum recording and interpretation became, reliable, 
simple, and fast. In the field o f nuclear physics, known targets are bombarded to study unknown 
reactions. In nuclear reaction analysis, unknown targets are bombarded and known reactions are 
observed.
The applications o f NRA are diverse because it is non-destructive, it has a high 
sensitivity, and it provides excellent resolution. NRA is sensitive only to the nuclei present in the 
sample and hence only information on the elemental or isotopic distribution is obtainable. No 
direct information regarding chemical bonding is obtainable using the NRA technique. This is 
both an advantage of NRA as well as a limitation because it means the technique can easily be 
made quantitative by comparison to reference standards. Most low energy methods are sensitive 
to a poorly understood chemical environment, making quantitative analysis difficult. NRA has 
been applied in the fields o f solid state physics, semiconductor technology, thin film deposition 
and growth mechanisms, ion implantation, laser annealing, solid state electrochemistry, corrosion 
science, catalysis, crystallography, metallurgy, geology, biology, and archaeology [6.4].
6.4.2 SPECIFICS OF THE REACTION USED
A nuclear reaction can be induced by bombarding 3He ions onto a sample containing deuterium, 
2D, atoms. The nuclear reaction that takes place between the colliding 3He ion and 2D nucleus is:
3He + 2D —> 5Li* —> 4ct + ip + Q 6.4.2:1
Q = + 18.352 MeV
The nuclear reaction equation shows that the reaction proceeds with formation of a 5Li* 
compound nucleus after combination of the reactants 3He and 2D. The products o f the reaction 
between 3H e and 2D are alpha particles, 4a, and protons, Jp. With the proton being the detected 
particle and the 3He being the bombarding particle, equation 6.4.2:1 can be written in a shorthand
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form as 2D(3He, 1p)4a. The 2D(3He, xp)4a  reaction was first used for NRA by Dieumegard et al.
[6.5], to profile 2D in silicon, by detecting high energy protons ( ~ 13 M eV) at backward angles 
relative to the 3He ion beam.
The Q value o f a nuclear reaction represents the energy equivalent o f the mass difference 
between the reactants and final products based on Einstein’s relativistic mass, m, and energy, E, 
relation E=mc2, where c is the speed of light. The energy value represented by Q appears in the 
form of kinetic energy of the reaction products, and Q is characteristic o f the nuclear reaction. 
The value o f Q can be positive or negative depending on whether the mass o f the reactants is 
greater or smaller than the mass o f the products respectively. Nuclear reactions that have 
negative Q values are endothermic (also called endoergic), which means the reaction products 
have a smaller kinetic energy than the reactants. For endothermic nuclear reactions to occur the 
kinetic energy o f the reactants must be greater or equal to the magnitude o f the Q value. On the 
other hand, nuclear reactions that have positive Q values are exothermic (also called exoergic), 
which means the reaction products have a greater kinetic energy than the reactants. It would 
appear that an exothermic nuclear reaction could occur regardless of the kinetic energy of the 
reactants. However, it does have a threshold as the reactants are both positively charged and 
hence there is a repulsive Coulomb barrier between them that has to be overcome for the 
reaction to occur. The greater the positive Q value the easier it is to detect the reaction products. 
The reaction 2D(3He, 4p)4a  is exothermic with a high positive Q. Detecting the («13 MeV) 
protons ensures that only the presence o f deuterium is detected. The high cross-section for the 
reaction also provides good sensitivity.
6.4.3 NUCLEAR REACTION CROSS SECTION
Moller and Besenbacher [6 .6] 
found a polynomial fit function 
to experimental data for the 
total cross section o f the 
2D(He, p)4a  nuclear reaction, 
and this is shown in figure 
6.4.3:1 . The maximum cross 
section o f about 800 mb occurs 
when the 3He ion beam energy 
is about 0.6 MeV. As can be 
seen the cross-section falls to 
zero at low energies due to the 
effect o f the Coulomb barrier.
1000
800
600
400
200
0
2.01.50.5 1.00.0
Kinetic energy o f JHe ion in MeV
Figure 6.4.3:1. Graph to show  the total cross section  
o f  the 2D (H e, p)*a. nuclear reaction as a function  o f  
3H e  energy.
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6.4.4 THE CENTRE OF MASS SYSTEM AND REACTION 
KINEMATICS
The kinematics o f nuclear reactions can be described more easily using the centre of mass (CM) 
system. In the CM system, the origin o f the reference frame is at the centre o f mass o f the 
particles involved in the nuclear reaction. The CM system moves relative to the laboratory 
system with a velocity that equals to that of the centre o f mass o f the particles in a direction 
opposed to the incident beam direction. The total linear momentum of the reacting particles is 
zero in the centre o f mass system.
The kinematics for the 2D(3He, 1p)4a  reaction can be understood from figure 6.4.4:1. The 
velocity o f the 3He nucleus relative to the laboratory system is Vme, and the velocity o f the CM 
system relative to the laboratory system is Vcm . The proton velocity and 4a  velocity relative to 
the laboratory system are V l p and V l a respectively. The velocity o f 4a  relative to the CM system 
is VcMa, and the velocity o f 4a  relative to the laboratory system is Vl<x. Protons are detected at a 
specific backward angle ((j) = 165°).
In any nuclear reaction, there must be a conservation o f charge, total energy, and 
momentum. The kinetic energy of a 3He ion can vary as it traverses through the sample before 
undergoing a nuclear reaction. While a 3He ion traverses through matter its rate o f loss o f kinetic 
energy increases as the kinetic energy decreases. Hence, the depth that a 3He ion can traverse 
into a sample is greater with higher ion beam energies. With initial ion beam energies o f about 
1.6 MeV, 3He particles can penetrate a cement-mortar sample to a depth of approximately 2 [im
[6.15].
With the reaction having a Q value that is about ten times greater than the typical energy 
used for the incident 3He, the magnitudes o f VcMa, and Vcm p are insensitive to variations in the 
energy of 3He. Only Vcm  is sensitive to energy variations o f the 3He particles at different depths. 
Since the proton velocity in the laboratory system is the resultant o f V cm  and Vcm p, the velocity 
o f the detected protons, V lp, increases as V lh<> decreases so that dVLP/dVLHe < 0. Protons 
produced in the 2D(3He, 4p)4a  reaction lose negligible energy coming out o f the sample hence 
protons detected coming from the surface o f the sample have a smaller energy than the protons 
detected coming from within the surface of the sample, when (j) >  90°. It is therefore possible to 
distinguish between protons produced on the surface o f the sample from protons produced 
within the sample. This implies that it is possible to distinguish between 2D on the surface o f the 
sample from 2D within the sample. In a NRA study the number of protons detected with a given 
energy is proportional to 2D density at the corresponding depth hence allowing 2D  depth 
profiling [6.24].
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Equation 6.4.4:1, which gives the maximum possible kinetic energy of a proton from the 
2D(3He, p)4a  reaction, can be derived by applying the law of conservation of total energy and 
momentum [6.7].
■y, _  THem Hem p 
P “  ™  \ 2 2 cos2 (j) +
+ 2cos(l)
m a(m o + m a) Q  n  m He
LHe
2 m (m  + m  ) f  Q m „£ ^
COS (|) + -------------------------------— + 1 -  He
m Hem p THe mr
6.4.4:1
Where, tv\He is mass o f the incident 3He ion, mp is mass o f the detected proton and rria is mass o f  
the alpha particle that is produced in the nuclear reaction. In equation 6.4.4:1, Tp is kinetic 
energy o f the proton, THe is kinetic energy of the incident 3He ion, (j) is the angle o f recoil o f the 
proton from direction of the incoming 3He ion and Q is 18.352 MeV.
Using equation 6.4.4:1, the kinetic energy of the proton produced from the 2D(3He,p)4a  
reaction and detected at an angle o f 165° from the beam direction is 12.1 MeV, when the 
incident ion beam energy is 1.6 MeV. The reaction cross-section for the 2D(3He,p)4a  reaction is 
greatest when the 3He ion beam energy is 0.6 MeV, which will correspond to a proton being 
produced with energy o f 12.9 MeV, at angle o f 165°.
Vcm
CMp
Figure 6.4.4:1. K inem atics o f  the 2D (3H e, p)*a reaction
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6.5 RUTHERFORD BACKSCATTERING (RBS)
6.5.1 HISTORICAL BACKGROUND AND APPLICATIONS OF 
RBS
Ion backscattering was first used for material analysis by Geiger and Marsden (1909) [6.25] and 
their results were explained by Rutherford (1911) [6.26]. Nuclear backscattering is particularly 
useful for obtaining concentration vs. depth profiles of elements in the first micron of solid 
surfaces. One famous application of RBS was analysis of the moon’s surface, which was carried 
out using 5 MeV a  particles that were backscattered from die moon’s surface, providing 
information on the elemental composition of the moon’s surface [6.27, 6.28].
6.5.2 OUTLINE OF THE RBS TECHNIQUE
In the RBS technique, a beam of ions, such as 3He, is applied onto the target material. Some of 
the ions in the beam may approach close enough to a nucleus in the target material to undergo a 
large angle scattering due to coulomb forces. Ions that are backscattered will come back out of 
the target material and they can be detected using a silicon surface barrier detector where dieir 
final energy can be determined. Figure 6.5.2:1 illustrates die RBS technique using a 3He ion, 
which is backscattered by a nucleus in a target material.
Target nucleus
He ion applied 
onto material
He ion is backscattered 
out of material ,
Target material
Particle Detector
Figure 6.5.2:1. Schem atic diagram to illustrate the Rutherford backscattering  
technique using a 3H e ion
6.5.3 BACKSCATTERING KINEMATIC FACTOR
The kinematic factor, K, expressed in equation 6.5.3:1, gives the ratio o f the initial and final 
energy of an applied ion that undergoes Rutherford backscattering after an elastic collision with a 
stationary nucleus in a target material [6.29].
Where, Eo is initial energy of the ion before collision, E' is energy of the ion immediately after 
the collision, m is mass o f the ion, M is mass o f the target nucleus and c|) is scattering angle o f the 
ion from its initial direction. Equation 6.5.3:1 implies the energy of the backscattered ion is 
dependent on the mass o f the target nucleus. The greater the mass of the target nucleus the 
greater is the kinetic energy of the backscattered ion. If the ion collides with a nucleus that has a 
relatively high mass then the backscattered ion will retain most o f its kinetic energy. On the 
other hand, if the ion collides with a nucleus that has a relatively small mass then the 
backscattered ion will lose a significant amount o f its initial kinetic energy to the smaller nucleus, 
to conserve momentum. For example, a 1.6 MeV 3He ion backscattered at 165° from a 28Si or a 
40Ca nucleus will have a energy of 1.05 MeV or 1.19 MeV respectively, if the scattering is at the 
surface o f the material. If the ion traverses the target material it will lose some of its energy to 
the electrons in the material hence the energy distribution of backscattered ions ranges from zero 
through to the maximum backscattered energy, which occurs if the backscattering is at the 
surface o f the material.
The differential scattering cross section is the cross section per unit solid angle, Q, and it is 
related directly to the probability o f a Rutherford elastic collision occurring and the backscattered 
ion being detected. The differential cross section for Rutherford backscattering is given by 
equation 6.5.4:1 [6.30].
Where Zi is atomic number of the applied ion, 2 2  is atomic number of the target atom, E is energy 
o f applied ion immediately before collision in MeV, m is mass o f applied ion, M is mass o f the 
target atom and (j) is scattering angle o f ion from initial direction. From equation 6.5.4:1, it is 
possible to deduce that the probability of backscattering increases with increasing target atom 
atomic number and mass. The probability o f backscattering also increases as the kinetic energy
mcos
6.5.3:1
6.5.4 DIFFERENTIAL SCATTERING CROSS SECTION
6 5 . 4 : 1
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of the projectile decreases. The differential scattering cross-sections of 1.6 MeV 3He ion is given 
in table 6.5.4:1 for various elements that might be found in cement mortar.
E le m e n t D iffer e n tia l c r o s s - s e c t io n , d o /d £ 2 ,  in  m b /S r
40Ca20 829 .24
35d l 7 597.11
28S i l 4 401 .66
23Nan 245 .27
16Os 125.02
Table 6.5.4:1 - D ifferentia l scattering cross section o f  1 .6M eV 3H e ions scattered a t 165°
from  various elem ents that m a y  be fo u n d  in  cem ent mortar.
6.6 ION BEAM ANALYSIS 
INSTRUMENTATION
6.6.1 PARTICLE ACCELERATOR, ANALYSING MAGNET AND  
BEAM STEERING LENSES
The ion beam analysis work described in this thesis has been carried out using the single-ended 
Van de Graaff accelerator [6.10] located in the Chick laboratory at the University o f Surrey. 
Figure 6.6.1:1 illustrates the major components in the ion beam accelerator. The single ended 
Van de Graaff machine uses a continuous moving belt to transfer charge hence produce a 
potential difference o f up to 2 MV, which is used to accelerate singly charged ions to kinetic 
energies o f up to 2  MeV. The ion beam that emerges from the accelerator contains a range o f  
energies and it may contain impurities. To extract a beam that is suitable for materials analysis it 
is necessary to reject all particles that do not have the appropriate mass and energy. Filtering o f 
unwanted ions is done by passing the particles through the analysing magnet (also called the 
bending magnet), which has field strength, B, tuned so that only the desired ions can come out o f  
its exit slits. Only ions with the appropriate mass, m, energy, E, and charge, q, will have the 
correct radius o f curvature, r, and will come out o f the exit slits o f the analysing magnet.
V2mE 6(51:1
r = ---------
Bq
The desired beam is transported to the target chamber through an evacuated pipe that 
has a pressure o f about 106 Torr. The beam is steered to the desired position on the target using
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a series o f electric fields. A fixed pair of transputer-controlled X and Y scanning plates raster the 
beam across the sample [6.18]. A raster scan of size 2 mm by 2 mm is produced. Downstream 
of these a Harwell Russian quadruplet [6.31] o f magnetic quadrupole lenses is used to focus the 
beam on the target. With a 50 pm object aperture, the ion beam has a diameter o f 10 pm on the 
sample.
6.6.2 MEASURING THE NUMBER OF INCIDENT IONS
The ion beam machine is effectively an electrical circuit. The Van de Graaff generator causes the 
ions in the source to have a higher electric potential than the target material. The target material 
is connected to ground through an ammeter. Positively charged ions incident on the target 
material produces the current. The ion beam current is the number of ions that are incident on 
the target material per second. The greater the ion beam current the greater the yield o f X-rays 
or protons, which are produced from the interaction of the ion beam particles with the target 
material. To make a series o f quantitative measurements on the target material it is useful to 
know the number of ions that have been incident on the target material during the time interval 
taken for each data acquisition set. Ions are charge carriers hence the number of ions that are 
incident on the target material is proportional to the charge deposited on the target by the ion 
beam. The charge deposited on the sample by the ion beam is measured by integrating the 
current recorded in the ammeter. For a thick and poorly conducting sample like cement-mortar 
this o f course is not the true charge but it is a measure that can be used as a guide to the relative 
amount o f ions incident on different scanned sections o f the sample.
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6.1.3 TARGET C H AM BER
Figure 6.6.3:1 shows a schematic diagram of the sample chamber. The inside of the target 
chamber is kept evacuated to a vacuum pressure of about 106 Torr, and the sample is attached to 
a copper plate that can be translated horizontally perpendicular to the beam direction. A liquid 
Nitrogen cold finger is used to keep the sample frozen and prevent water evaporation. Two 
proton detectors and one X-ray detector are used. The x-ray and proton detectors are placed 
about 15 mm from the sample. The sample can be translated perpendicular to the direction of 
die beam line so that a series o f data sets with scans o f about 2  mm by 2  mm can be taken along 
the sample length.
Microscope
Surface barrier particle detector
Cement
sampleFocussed scanning 
micro-beam Copper sample holder
►Vacuum ► 90‘ Ammeter
Aluminium backSi(Li) X-ray 
detector
Surface barrier particle detector
Liquid N2 reservoir to keep 
sample frozen via cold-Cnger
Figure 6.6.3:1. Schem atic diagram to show  the inside o f  the sam ple cham ber
6.1.4 PROTON DETECTOR
Detection of protons from the 2D(3He, 1p)4He reaction is achieved using two silicon surface 
barrier detectors (Ortec CA-17-100-1500) [6.32]. A 12 MeV proton has a range of about 1000 
[xm in Si [6.13]. The silicon surface barrier detector consists o f an n-type semiconductor material, 
which is exposed to air to produce a thin film of SiC>2 on its surface. The film o f S1O2 is a p-type
material, and under a suitable reverse bias the p-n semiconductor material has a depletion region 
of thickness 1500 pm, which is enough to allow proton detection. Solid state semiconductor 
detectors, such as the silicon surface barrier detector, are used for particle detection because of 
their high stopping power, which allows high detection efficiency.
An energetic ion that enters the depletion region of a semiconductor detector begins to 
lose its energy through collisions with the electrons and nuclei of the semiconductor material. 
The depletion region o f the semiconductor detector can be made thick enough so that all of the 
kinetic energy of the ion is dissipated in the depletion region. The collision o f the ions with 
electrons in the depletion region of the semiconductor produces electron hole pairs. Providing 
that the depletion region is thick enough to completely stop the incident ion, the number of 
electron hole pairs produced is proportional to the energy of the incident ion. The ion comes to 
rest in the detector within a few picoseconds. The electron hole pairs migrate in opposite 
directions due to the electric field present in the depletion region hence a pulse o f current is 
produced. The pulse o f current is further processed. Integrating the pulse o f current with 
respect to time allows the number of electron hole pairs that were produced by the ion to be 
calculated. The energy of each ion that enters the detector can therefore be deduced. The 
duration o f each pulse of current is typically a few nanoseconds, and the number of ions that 
enter the detector over a period can be counted. For the 2D(3He, 1p)4He reaction the Si surface 
barrier detector allows a proton energy spectrum to be obtained.
The energy required to form a single ion pair in a solid is the energy gap between the 
valance and conduction bands. The energy gap between the valance and conduction band in a 
semiconductor is small enough to allow many ion pairs to be produced hence the energy 
resolution is good. The intrinsic energy resolution for the silicon surface barrier detector is ~ 2 0  
keV for ~13 MeV protons hence depth resolution is possible.
6.6.5 X-RAY DETECTOR
To detect low energy X-ray radiation a large depletion of length about 3 mm is needed. A 
Lithium drifted silicon, Si(Li), detector is used for detecting X-ray radiation. The Si(Li) detector 
is a p-type semiconductor device that is capable o f detecting a wide range o f x-rays 
simultaneously. An energy of only ~3.5 eV is required to produce an electron-hole pair in the 
Si(Li) semiconductor hence a single x-ray photon of energy ~500 eV produces about 150 
electron hole pairs, allowing the Si(Li) detector to have an excellent energy resolution. The 
resolution defined as the full width at half maximum of a spectral peak is about 200 eV, which 
means the K« x-rays from most o f the elements that may be in a cement-mortar sample, for 
example Si, Ca, S, and Cl, can be fully resolved.
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One disadvantage of the Si(Li) detector is that the detector must be kept at 77 K, to 
prevent lithium redistribution, and to reduce background signals. Thus the Si(Li) detector must 
be placed in an evacuated, gas-tight tube to prevent water vapour condensing onto it, and the 
tube must have a thin window to allow the x-rays to pass through onto the detector. The thin X- 
ray window is usually beryllium or Mylar, which restricts the use o f the detector to energies of 
greater than ~500 eV.
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CHAPTER 7
IONBEAM ANALYSIS 
OF CEMENT-MORTAR
7.1 INTRODUCTION
Reinforced concrete deterioration occurs mainly after the ingress of water and dissolved chloride 
ions through the concrete cover, which then leads to corrosion of the steel (see chapter 1). There 
has been much research activity in the past to find out how changing the concrete mix effects the 
ingress and binding of chloride ions. Ideally, the concrete cover should inhibit water and 
chloride ingress, providing the necessary protection to the steel reinforcement. The concrete 
should also be strong enough to satisfy the necessary structural specifications and be cheap to 
manufacture.
It is particularly useful to obtain water and chloride profiles to understand concrete 
properties as influenced by its mix and curing protocol. The total chloride ion concentration in 
cement bound materials is the sum of the chloride concentration in the free form, in the bound 
form and in the surface adsorbed form (see section 1.6 .2). It would also be useful to measure the 
relative amount of chloride binding in cement-mortar manufactured with different mix and 
curing protocol. A brief review of measuring techniques available for obtaining chloride profiles 
is given in section 7.2. It is worth remembering at this point that the IBA technique used does 
not distinguish between the different chemical environments of the chlorine element. Therefore,
170
any references used in the chapter that describes chlorine measurement in cement-bound 
materials by ion beam analysis actually means chloride measurement. The main aim of this 
chapter is to introduce and describe a procedure, for obtaining chloride profiles in cement-mortar 
using ion beam analysis. Results are presented to demonstrate the feasibility of the IBA 
technique. A description of the sample preparation and data acquisition for the investigation of 
cement-mortar using ion beam analysis is given in section 7.3. The results and discussion of the 
experimental work is then presented in section 7.4.
7.2 A REVIEW OF MEASUREMENT
TECHNIQUES FOR THE ASSESSMENT OF 
CHLORIDE INGRESS IN CONCRETE
Ion beam analysis (IBA) is only one of several other techniques that have been used for profiling 
chloride in cementituous materials [7.1]. The other main techniques used for profiling and 
measuring chloride content in cementituous materials include Potentiometric titration [7.2], X-ray 
fluorescence spectroscopy (XRF) [7.3, 7.4] and Electron probe microanalysis (EPMA) [7.5]. 
Brief description and usefulness of the titration, XRF and EPMA techniques is summarised 
below.
7.2.1 POTENTIOMETRIC TITRATION
7.2.1.1 Brief description
The concrete or mortar is sampled along the direction of chloride ingress. The samples are 
subjected to dry grinding and nitric acid treatment. Potentiometric titration is carried out using a 
chloride ion selective electrode and silver nitrate solution thus allowing the concentration of free 
chloride ions to be deduced [7.2].
7.2.1.2 A  dwntages
(a) Good sensitivity is possible. The detection limit of potentiometric titration is approximately 
0.02 % CT by mass of mortar [7.6].
(b) The technique can be used to distinguish between free chloride ions and bound chloride 
ions. A free chloride ion can readily react with a silver ion to produce a silver chloride 
precipitate.
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7.2.1.3 Disadvantages
(a) Poor spatial resolution of chloride profiles. Resolution is limited to about 1 mm because 
portions of the sample must be drilled out and subjected to diy grinding before doing the 
titration.
(b) Obtaining Cb profiles is time consuming. For example, to obtain a profile with a 1 mm 
resolution for a 30 mm thick concrete sample the technique would require a separate titration 
at each 1 mm interval along the sample. To profile the entire sample, a titration would have 
to be carried out 30 times.
(c) The technique is susceptible to errors during calibration because the dilution, pH and 
temperature of the calibrating solution and the test solutions must be the same [7.7].
(d) The technique is destructive, which means the sample can only be tested once.
(e) Simultaneous multi-elemental profiling is not possible, which means the relation between the 
concrete matrix, water and chloride cannot be deduced.
(f) There is a large possibility for cross-contamination between samples.
7.2.2 X-RAY FLUORESCENCE SPECTROSCOPY (XRF)
7.2.2.1 Brief description
High-energy X-rays are applied onto the sample, which causes ionisation of inner shell electrons 
of atoms present in the sample. The atoms de-excite with electrons from the outer shells filling 
the inner shell vacancies, causing the release of characteristic X-rays, which identifies the 
elements. It is usually necessary to drill out portions of the concrete at intervals along its length. 
The drilled out material is then ground into powder, compressed into pellet and finally analysed 
using XRF [7.4]. It is also possible to use the technique for analysing expressed concrete pore 
solution [7.8].
7.2.2.2 A  dvantages
(a) Multi-elemental analysis possible.
(b) Very good sensitivity is possible. Lowest level of detection for Na and Mg is 6  ppm and 3 
ppm respectively [7.8]. For G, which has a higher atomic number than Mg, the sensitivity of 
XRF is theoretically better.
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7.2.2.3 Disadvantages
(a) Poor resolution of chloride profiles. Spatial resolution along the sample is limited to about 1 
mm.
(b) The technique is destructive. However, in principle it may be possible to apply X-rays over 
the surface of the sample and eliminate the necessity to grind the material into pellets. It may 
be possible to develop the technology so that a beam of collimated X-rays is applied and the 
surface of the sample is translated perpendicular to the direction of the collimated beam.
7.2.3 ELECTRON PROBE MICROANALYSIS (EPMA)
7.2.3.1 Brief description
High-energy electrons are applied, which causes ionisation of inner shell electrons of atoms
present in the sample. The atoms de-excite with electrons from the outer shells filling the inner
shell vacancies, causing the release of characteristic X-rays, which identifies the elements.
7.2.3.2 Advantages
(a) A spatial resolution of about 2 pm can be achieved, which is good [7.5].
(b) Element mapping is possible.
(c) The technique is non-destructive.
(d) Sensitivity is good. Chloride detection limit is about 0.01  % by mass of cement [7.5].
(e) Data acquisition is fast.
(f) Multi-elemental analysis is possible.
7.2.3.3 Disadvantages
(a) EPMA only measures the total amounts of selected elements. The EPMA technique does 
not give information about how the detected chloride is chemically held [7.5].
(b) Sample preparation before the EPMA technique can be applied, is very time consum ing and 
laborious, which may cause unintended chloride migration and sample contamination [7 .5 ].
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7.3 SAMPLE PREPARATION AND DATA 
ACQUISITION
7.3.1 MORTAR SAMPLES
Three types of binder combination were used for making the cement-mortar samples. In type 
one the binder comprised of 100% OPC. In type two the binder comprised of 30% OPC 
blended with 70% GGBS by mass and in type three the binder comprised of 70% OPC blended 
with 30% PFA by mass. All mortar samples investigated had a sand:cement:free-water ratio of 
3:1:0.46 by mass.
The first set of mortar samples were produced by mixing sand {150.0 ± 0.1 g, 1.18 mm 
down Thames Valley river sand}, ordinary Portland cement : {50.0 ± 0.1 g, BS12} and
distilled water {25.0 ± 0.1 g}, using a commercial food blender for approximately 60 seconds. 
Due to 1.47% moisture absorption by the as-batched sand (see section 1.4) the free water left to 
react with the cement was 22.8 + 0.1 g (w/c ratio 0.46).
The mix was cast into rectangular shaped PMMA cuvettes with internal dimension 45 mm x 
10 mm x 10 mm. During previous trials the mortar mix was cast into 300 mm lengths of 21  mm 
internal diameter plastic cylindrical piping supported by retort stands and the mix was also cast 
into cylindrical Perspex moulds of length 30 mm and internal diameter 2 0  mm. The problem 
with casting the mix into the plastic pipes or into the Perspex moulds was that the samples had to 
be cut into an appropriate shape and size before they could be placed into the ion beam chamber 
and studied using the ion beam analysis techniques. Casting the mortar in PMMA cuvettes 
eliminated cutting the samples after solution ingress, hence, disturbance and contamination of the 
sample surface was minimised.
Entrained air bubbles were removed by vibrating the mortar mix during the very early stages 
of hydration. Vibrating had the effect of fluidising the mortar so that internal friction between 
the aggregate was reduced thus increasing compaction [7.9]. The open end of the cuvettes was 
sealed with wax tape and the mortar samples were cured under sealed conditions for 28 days. 
Segregation along the length of the samples was minimised by storing the samples horizontally.
The second and third set of mortar samples were manufactured using the same method as 
the first set except that the second set consisted of 70 % OPC with 30% PFA and the third set 
consisted of 30% OPC with 70 % GGBS. Sand {150.0 + 0.1 g, 1.18 mm down Thames Valley 
river sand}, ordinary Portland cement clinker {35.0 ± 0.1 g, BS12}, pulverised fuel ash {15.0 ± 
0.1 g}, and distilled water {25.0 + 0.1 g} were mixed to manufacture the second set of samples. 
The mix in the third set consisted of sand {150.0 + 0.1 g, 1.18 mm down Thames Valley river 
sand}, ordinary Portland cement clinker {15.0 + 0.1 g, BS12}, ground granulated blastfurnace
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slag {35.0 ± 0.1 g}, and distilled water {25.0 + 0.1 g}. There were three repeats in each set of 
samples.
After the mortar samples had cured for 28 days the wax tape was removed and the closed 
end of the samples in the cuvettes were cut using a diamond saw so that both end faces of the 
samples were exposed to air. The final dimensions of the samples after cutting them was 33 mm 
x 10 mm x 10 mm, which was an appropriate shape and size for ion beam analysis. All the 
samples were then dried in a vacuum oven for 7 days at temperature ~40 °C and pressure ~ 1 
mbar. The mass of the samples was measured before and after the drying process.
For brevity, the mortar samples made with 100% OPC cement will be referred in the text as 
OPC mortar samples. The mortar samples made with 30% OPC and 70% GGBS cements will 
be referred in the text as GGBS mortar samples. Similarly, the mortar samples made with 70% 
OPC and 30% PFA will be referred in the text as PFA mortar samples.
7.3.2 WATER AND CHLORIDE INGRESS
The uncut ends of the dry mortar samples were placed in a petri dish containing a shallow {<  
1mm} solution of 5 M NaCl {5.844 ± 0.005 g NaCl(s), 18.000 ± 0.005 g PTOQ, 2.274 ± 0.005 g 
D 2 0 (l)}, which corresponds to 13.57 ± 0.05 % Ch content by mass of solution. A glass bottle 
was used to support the samples so that the samples did not touch the bottom surface of the 
petri dish. The top and cut end of the samples was open to the air. The four side faces of the 
samples remained inside the cuvette and were not directly exposed to the air or to the salt 
solution. The samples were placed inside a sealed plastic container to minimise water 
evaporation from the petri dish and to prevent contamination of the salt solution. A  period of 
12 hours was allowed for the salt solution to ingress through the mortar samples. The samples 
were then taken out of the 5 M NaCl solution and after measuring their masses, they were rapidly 
frozen using liquid nitrogen. Storing the samples in liquid nitrogen ensured that there was very 
little water evaporation from the samples during the waiting period between the solution uptake 
and the ion beam analysis data acquisition. Freezing the samples using liquid nitrogen also 
minimised redistribution of the chloride and water in the samples after the samples were taken 
out of the NaCl solution.
7.3.3 CONTROL SAMPLES
The ingress experiment described in section 7.3.2 was repeated using a solution of 5 M NaF 
{4.199 ± 0.005 g NaF(s), 20 .0 0 0  ± 0.005 g H 2O®}.
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7.3.4 DETAILS OF THE ION BEAM ANALYSIS DATA 
ACQUISITION
The mortar samples were analysed using the University of Surrey ion beam accelerator (described 
in section 6 .6). When it was time to analyse a particular mortar sample, it was taken out of the 
liquid nitrogen, which made the mortar inside the cuvette to expand faster than the cuvette. 
Difference in the rates of expansion of the cuvette and mortar caused the cuvette to crack, 
allowing the sample to be extracted out of the cuvette. The PMMA cuvette covering each mortar 
sample was peeled off, exposing four undisturbed surfaces, which contained the chloride and 
water profiles. One mortar sample at a time was placed in the target chamber for irradiation with 
1.6 MeV 3He ions. The 1.6 MeV 3He ion beam current was set to ~1 nA. For each mortar 
sample, one surface (see figure 7.3.4:1) that had been parallel to the direction of solution ingress, 
was scanned using a combination of PIXE (described in section 6.3), NRA (described in section
6.4) andRBS techniques (described in section 6.5).
An X-ray spectrum and a particle spectrum were recorded for each 2 mm x 1 mm 
segment of the mortar surface scanned. The mortar samples had a length of 33 mm so 
altogether about 17 X-ray spectra and 17 particle spectra were recorded for each sample. For 
each 2 mm x 1mm segment of the sample scanned, it took between 2 to 5 minutes to collect 
enough counts to obtain an acceptable signal to noise ratio. The total time that was necessary to 
collect data from each sample was therefore approximately 90 minutes.
Maps of calcium, chloride and water content in the mortar samples were also acquired. 
This was done by using table 6.3.2:1 to set energy-range-windows in each spectrum to distinguish 
between X-ray photons and particles with different energies. The energy ranges for producing 
maps of Cl- and Ca were set to 2.49-2.88 keV and 3.51-3.86 keV respectively. The energy range 
of protons from the 2D(3He,1p)4a  nuclear reaction was set to 10-15 MeV (see section 6.4.4) and 
the energy range of the 3He RBS was set to 0-2  MeV (see section 6.5.3). Two maps were set up 
on the particle spectra to distinguish between D 2O at different depths within the sample. The 
energy ranges set for the two D 2O maps were 11-13 MeV and 13-15 MeV, which corresponded 
to D 2O at a smaller depth within the sample and D 2O at a greater depth within the sample 
respectively. All the PEXE and NRA maps contained 256x256 pixels, which corresponded to 
256x256 points on the sample that were probed by the 3He ion beam, using the NRA, PIXE and 
RBS techniques. The dimension of each point probed on the sample was approximately 10 pm x 
10 pm, which is the limit of the spatial resolution.
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Figure 73.4:1. Schematic diagram to show the dimensions of the mortar samples.
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7.4 RESULTS AND DISCUSSION
7.4.1 MASS MEASUREMENTS
The mortar samples (described in section 7.3.1) were weighed before and after solution ingress 
(described in section 7.3.2). Table 7.4.1:1 shows the mass of the mortar samples and it can be 
deduced that the greatest amount of solution penetration occurred through the GGBS sample 
and the least amount of solution penetration occurred through the OPC sample.
M ortar
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100 % OPC 33.0 6.99146 6.5864 7.115 0.529 0.074
70 % GGBS 32.1 7.08167 6.6148 7.322 0.707 0.097
30% PFA 32.4 7.19765 6.7272 7.298 0.571 0.078
Table 7.4.1:1. Mass measurements of the mortar samples taken before and after the water 
ingress.
7.4.2 PIXE SPECTRA FROM CONTROL SAMPLES
Figures 7.4.2:1, 7.4.2:2 and 7.4.2:3 show PIXE spectra of the control samples (described in 
section 7.3.3). The PIXE spectra are taken from the first area scanned (as indicated in figure 
7.3.4:1), for each sample. The elements O, Na, Mg, Al, Si, S and Ca can all be identified in the 
spectra using the data in table 6.3.2:1. Fluoride and Oxygen are not resolved. The Oxygen 
obscures the Fluoride, which should be present after the ingress of 5M NaF solution. All the 
other elements including Si, Q  and Ca are resolved. The signal to noise ratio of the PIXE 
spectra can be improved if desired, by increasing the data collection time.
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Figure 7.4.2:1. X-ray spectrum acquired by scanning an ion beam on a 
mortar sample made with 100% OPC cement.
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Figure 7.4.2:2. X-ray spectrum acquired by scanning an ion beam on a 
mortar sample made with 30% OPC and 70% GGBS cements.
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Figure 7.4.2:3. X-ray spectrum acquired by scanning an ion beam on a 
mortar sample made with 70% OPC and 30% PFA cements.
7.4.3 PIXE, NRA AND RBS SPECTRA AFTER ACQUIRED
AFTER WATER AND CHLORIDE INGRESS 
THROUGH MORTAR SAMPLES
Figures 7.4.3:1 and 7.4.3:2 show PIXE spectra of the OPC mortar sample (described in section
7.3.1) after ingress of 5 M NaCl solution for 12 hours (described in section 7.3.2). The spectrum 
shown in figure 7.4.3:1 was taken from the first area scanned (see figure 7.3.4:1) and as expected 
there are X-ray count peaks at energies of ~2.6 keV and ~3.7 keV, which corresponds to the 
presence of elements Cl and Ca respectively. The spectrum shown in figure 7.4.3:2 was taken 
from the last area scanned and it shows that there is no X-ray counts peak at energy of ~2 .6  keV. 
The Cl- ions at the top end of the OPC sample is comparable to background levels (see figure 
7.4.2:1) and implies negligible amount of Cl- ions reached the top end of the sample during the 
12 hours allowed for ingress of the NaCl solution.
The spectra shown in figures 7.4.3:1 and 7.4.3:2 show a very noisy signal between X-ray 
energies 0.5 keV and 2  keV. Trials on previous occasions showed the noisy signal occurs when 
there is a presence of D 2O in the samples. The noisy low energy signal obscures the X-ray 
counts peaks due to the presence of O, Na, Mg, Al and Si (compare figure 7.4.3:1 with figure 
7.4.2:1). The exact mechanism for the cause of the low energy background peak is still unknown 
but one possibility is that high energy protons produced by the reaction 2D(3He, Jp)4a, bombards 
the thin Mylar window of the X-ray detector (see section 6.6.5), causing it to filter out some of
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the X-ray photons in the range 0.5 keV to 2  keV. The Mylar window of the X-ray detector is 
more efficient at filtering out lower energy X-ray photons than higher energy X-ray photons from 
Cl- and Ca. The background low energy noise in the PIXE spectra increases with increasing 
amounts of D 2O in the sample and increases with decreasing energy of the X-ray photons. The 
Si peak in figure 7.4.3:2 is obscured less than the Si peak in figure 7.4.3:1 because there is less 
D 2O in the mortar sample at the top end than at the bottom end, which can be deduced from the 
particle spectra shown in figures 7.4.3:3 and 7.4.3:4. Figure 7.4.3:4 implies water reaches the top 
end of the OPC mortar sample within 12 hours. Figure 7.4.3:5 shows a 3He peak due to RBS 
from the mortar sample. The RBS counts can be found by integrating the particle spectrum in 
the range 0-2  MeV. It is expected that the RBS counts are approximately proportional to the ion 
beam current applied. The current of the ion beam varies during data collection and so it is 
necessary to normalise with 3He RBS counts to allow profiles of Cl, D2O and Ca along the 
sample to be obtained.
/
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Figure 7.4.3:1. X-ray spectrum acquired by scanning an ion beam in an 
area between 0 and 2 mm from bottom end of the mortar sample made 
with 100% OPC cement after ingress of 5 M  NaCl (10 % D 2 O + 90%  
H2 O) solution for 12 hours.
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Figure 7.43:2. X-ray spectrum acquired by scanning an ion beam in an 
area between 31 mm and 33 mm from bottom end of the mortar sample 
made with 100% OPC cement after ingress of 5 M  NaCl (10 % D2 O + 90 
% H2O) solution for 12 hours.
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Figure 7.43:3. Particle spectrum acquired by scanning an ion beam in 
area between 0 mm and 2 mm from bottom end of the mortar sample 
made with 100% OPC cement after ingress of 5 M  NaCl (10% D 2 O + 
90% H2 O) solution for 12 hours.
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Figure 7.4.3:4. Particle spectrum acquired by scanning an ion beam in 
an area between 31 mm and 33 mm from bottom end of the mortar 
sample made with 100%o OPC cement after ingress of 5 M  NaCl (10 % 
D2 O + 90%o H 2 O) solution for 12 hours.
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Figure 7.4.3:5. Particle spectrum acquired by scanning an ion beam in 
area between 0 mm and 2 mm from bottom end of the mortar sample 
made with 100% OPC cement after ingress of 5 M  NaCl (10% D2 O + 
90%> H2O) solution for 12 hours.
7.4.4 PROFILES OF WATER AND CHLORIDE INGRESS 
THROUGH MORTAR SAMPLES
The total counts of D 2O, Cl- and Ca in each segment of a sample can be found by summing the 
individual count values that is associated with each pixel of the corresponding map. The total 
count collected is proportional to the ion beam current and the data collection time. The greater 
the ion beam current and data collection time the greater is the number of ions incident on the 
sample, Ni, (see equation 6.2.5:1). It was not possible to maintain a constant ion beam current 
during the entire data collection period, due to pressure variations in the 3He source. Plotting the 
D 2O, Cl- and Ca counts against distance will not produce the required profiles. On the other 
hand, plotting the D 20 , Cl"and Ca counts after normalising to the total RBS counts will produce 
the correct shape of the profiles. PIXE and NRA counts normalised to the RBS counts are 
independent to the ion beam current. Table 7.4.4:1 shows the relative yield of the RBS counts 
from the various elements that may be present in the cement-mortar samples (see also section
6.5). From table 7.4.4:1 it can be deduced, the RBS is mainly from Si, O and Ca, which are 
present in the mortar matrix. For each segment on the sample, normalising the X-ray and 
particle spectra to the total RBS counts is therefore effectively the same as normalising to the 
sum of Si, O and Ca atoms, which is assumed approximately constant along the sample. 
Rutherford backscattering from Q - , Na and O, which are present in the mortar sample due to 
solution ingress, is negligible and will not influence the total RBS counts from each segment.
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Mortar
Sample
Mass of sample 
after solution 
ingress 
/g
Element da/dQ Number (N) of 
atoms in sample / 
6xl023
Nx
da/dQ
RBS 
yield 
relative to 
Si
100 % OPC 7.115 Si* 401.66 0.083 33 1.00
100% OPC 7.115 Ca* 829.24 0.018 15 0.45
100% OPC 7.115 Cl ** 597.11 2.0xl0'3 1.2 0.04
100% OPC 7.115 O * 125.02 0.19 24 0.73
100% OPC 7.115 Q  * * 125.02 0.023 2.9 0.09
100% OPC . 7.115 Na ** 245.27 2.0x1 O'3 0.49 0.01
70 % GGBS
+
30 % OPC
7.322 Si* 401.66 0.087 35 1.00
70 % GGBS
+
30 % OPC
7.322 Ca* 829.24 0.013 11 0.31
70 % GGBS
+
30 % OPC
7.322 Cl * * 597.11 2.7xl0'3 1.6 0.05
70 % GGBS
+
30 % OPC
7.322 O * 125.02 0.19 24 0.69
70 % GGBS
+
30 % OPC
7.322 Q  * * 125.02 0.030 3.8 0.11
70 % GGBS
+
30 % OPC
7.322 Na ** 245.27 2.7x10‘3 0.66 0.02
30 % PFA
+
70 % OPC
7.298 Si* 401.66 0.088 35 1.00
30 % PFA
+
70 % OPC
7.298 Ca* 829.24 0.013 1 1 0.31
30 % PFA
+
70 % OPC
7.298 Cl** 597.11 2.2xl0'3 1.3 0.04
30 % PFA
+
70 % OPC
7.298 O * 125.02 0.20 25 0.71
30 % PFA
+
70 % OPC
7.298 Q  * * 125.02 0.025 3.1 0.09
30 % PFA
+
70 % OPC
7.298 Na ** 245.27 2.2xl0'3 0.54 0.02
Table!.4.4:1 shows the relative RBS yield  for the main elem ents presen t in the m ortar 
sam ples after salt solution ingress.
*From mortar matrix after assuming the sand-aggregate is 100 % SiC>2 .
**From salt solution ingress.
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Figure 7.4.4:1 shows Cl- , Ca and D 2O profiles for the OPC mortar sample (described in section
7.3.1) after ingress of 5 M NaCl solution (described in section 7.3.2). It is worth mentioning, that 
the first points (at position ~ 1 mm) in the profiles of figure 7.4.4:1 have been derived using the 
spectra shown in figures 7.4.3:1, 7.4.3:3 and 7.4.3:5. The PIXE and NRA spectra for the last 
points are shown in figures 7.4.3:2 and 7.4.3:4 respectively. The spectra associated with the other 
points in the profiles of figure 7.4.4:1 have not been shown to save space. From the D 2O profile 
in figure 7.4.4:1, it can be concluded a significant amount of .water penetrated to the end of the 
sample within 12 hours. The sample was oven dried before it was placed in the salt solution so it 
is probable that the initial stage of the ingress was mainly by sorption (described in section 2.3) 
through a continuous network of capillary pores and even through micro cracks. Water and 
chloride ingress by diffusion (described in section 2.4), through a less continuous network of gel 
pores caused a slow saturation of the sample. The profile in figure 7.4.4:1 shows the sample has 
a saturation front at about 24 mm from the solution ingress end. The actual shape of the Cl- , Ca 
and D 2O profiles is characteristic not only of the dominant transport mechanisms that drive the 
water and chloride through the mortar but it is also characteristic of the local aggregate and pore 
distribution on the scanned surface. In general, the D 2O profile in figure 7.4.4:1 slopes up from 
left to right for the OPC sample between 0  mm to 20  mm and this could be due to a pore size 
gradient in the direction of solution ingress. The Ca profile in figure 7.4.4:1 also slopes up from 
left to right, which implies there was segregation of aggregate and cement. It is possible that 
segregation occurred during the early stages of curing, while the sample was being vibrated and 
cast into the PMMA cuvettes and this can result in a pore size gradient along the sample. A 
careful study of the four profiles in figure 7.4.4:1 shows a dip in the first point of the D 2O and 
Ca profiles, which indicates leaching. It is quite likely that some Ca(OH)2 in the pores of the 
mortar sample and Ca in the mortar matrix may have leached into the highly concentrated N aG  
solution during the ingress experiment. Figure 7.4.4:2 shows D 2O profiles at two different depths 
within the OPC mortar sample (see section 6.4.4). The general shapes of the two D 2O profiles 
taken at different depths are similar, which implies water content was approximately uniform 
perpendicular to the ingress direction and water did not pass between the cuvette and mortar 
interface.
Any point in the profiles shown in figure 7.4.4:1 and figure 7.4.4:2 can be studied further 
because each point is obtained after scanning a 2  mm x 2  mm area on the sample and each point 
is associated with a spatial distribution map. For example, from the profiles it can be seen that 
the saturation front of the D 2O and Cl- in the sample occurs between about 2 0  mm and 25 mm. 
The saturation front can be studied further using the spatial distribution maps. Figure 7 .4 .4:3  
shows maps of Cl- , Ca and D 2O counts in the sample, collected between distances 22.5 mm and 
24.5 mm from the ingress end. The G - counts shown by figure 7.4.4:3(b), is decreasing faster in
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the direction of water ingress than the D 20  counts, shown by figure 7.4.4:3(c), and Ca counts, 
shown by figure 7.4.4:3(a).
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Figure 7.4.4:1. Profiles o f  C r  and D 2 O in  a m ortar sam ple m ade with 
100% OPC cem ent (w /c  — 0.46) after ingress o f  5  M N aC l (10 %> D 2 O  + 
90 % H 2 O) solution for 12 hours.
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Figure 7.4.4:2. Profiles o fD 2 0  taken a t two different depths within the 
surface o f  a m ortar sam ple m ade with 100% OPC cem ent (w /c  =  0.46) 
after ingress o f 5  M N aC l (10 % D 2 O + 90 % H 2 O) solution for 12 hours.
m
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Figure 7.4.4:3. Spatial distribution maps of Ca, Cl~ and D 2 O in a mortar sample 
made using 100% OPC cement (w /c  = 0.46) after ingress of a 5 M  NaCl (10 % D 2 O 
90 % H2 O) solution for 12 hours. Data for the maps shown has been acquired by 
scanning an ion beam over an area 2 mm x 2  mm between distances 22.5 ±  0.5 mm 
and 24.5 ±  0.5 mm from the ingress end. The spatial resolution of each map is 0.02 
mm.
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Figure 7.4.4:4. Profiles o f  C r  and D 2 O  in  a m ortar sam ple m ade with 
30% OPC and 70% GGBS cem ents (w /c  =  0.46) after ingress o f 5 M  
N aC l (10 %) D 2 O  + 90 %) H 2 O) solution for 12 hours.
0.25
Profile of D2O at smaller depth within 
surface of sample0.2
Profile of D2O at greater depth within 
surface of sample
o
0.15
§ 0.05
0 5 10 15 20 25 30 35
Distance along sample from salt solution ingress end in mm
Figure 7.4.4:5. Profiles o fD 2 0  taken a t tw o different depths within the 
surface o f  a m ortar sam ple m ade with 30%> OPC and 70%) GGBS 
cem ents (w /c  — 0.46) after ingress o f  5  M N aC l (10 %o D 2 O  + 90 %> 
H 2 O) solution for 12 hours.
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Figure 7.4.4:6. Profiles o f  C r  an dD 2 O in  a m ortar sam ple m ade with 
70% OPC and 30% PFA cem ents (w /c  — 0.46) after ingress o f  5  M  N aC l 
(10 %> D 2 O + 90 %> H 2 O) solution for 12 hours.
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Figure 7.4.4:7. Profiles o fD 2 0  taken a t tw o different depths within the 
surface o f  a m ortar sam ple m ade with 70%) OPC and 30%> PFA cem ents 
(w /c  =  0.46) after ingress o f  5 M N aC l (10 %> D 2 O  + 90 %o H 2 O) solution  
for 12 hours.
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Figure 7.4.4:4 shows G _, Ca and D 2O profiles in the GGBS mortar sample (described in section
7.3.1) after ingress o f 5 M NaQ solution for 12 hours (described in section 7.3.2). The profiles 
show water and chloride ions have penetrated to the end of the GGBS mortar sample. Figure 
7.4.4:5 shows D 2O profiles at two different depths from the surface o f the GGBS mortar sample 
and the shapes o f the profiles are approximately the same, confirming there was uniform water 
distribution in direction perpendicular to the water ingress. Minor differences in the shape o f the 
two profiles in figure 7.4.4:5 are due to local differences in the distribution of pores and aggregate 
within the sample.
Figure 7.4.4:6 shows CP, Ca and D 2O profiles in the PFA sample (described in section
7.3.1) after ingress o f 5 M NaQ solution (described in section 7.3.2). The D 2O and Cl- profiles 
indicate the ingress o f the salt solution through the PFA mortar sample is similar to the ingress o f  
salt solution through the OPC mortar sample. For both the OPC and PFA mortar samples, 
some water and chloride penetrates the entire length o f the sample but saturation o f water and 
chloride occurs to a depth of about 20 to 25 mm from the ingress end. In the PFA sample, the 
water concentration was uniform perpendicular to the solution ingress direction and this is 
confirmed by figure 7.4.4:7, which shows D 2O profiles taken at two different depths from the 
surface o f the sample are approximately the same.
7.4.5 CALIBRATION OF PROFILES
The concentration, C(m,s,x), in g cm-3 of a substance, s, in the mortar sample, m, at a position, x, 
from the ingress end can be related to the total mass, M(m,s), o f the substance in the mortar 
sample, using equation 7.4.5:1, where A is the cross sectional area o f the sample, perpendicular to 
x.
M(m, s) = A j  C(m, s, x)dx 7.4.5:1
The value o f normalised total counts, C'(m,s,x), associated with a substance, s, in the sample, m, 
is proportional to the concentration , C(m,s,x), by equation 7.4.5:2, where f(m,s) is the calibration 
factor for the substance in that particular sample.
C(m,s,x) = f  (m,s)C'(m,s,x) 7.4.5:2
It is assumed negligible water evaporated from the mortar sample during the ingress period, so 
that the ratio o f integral CP counts to integral water counts is equal to the ratio o f the total CP 
mass in the solution, M(solution, CP), to total water mass in the solution, M(solution, water).
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J c y m .c r .x j d x  ^ M f s o l u t i o n , C l 745: 3 
f C' ( m, water, x  >dx M f solution, water j
The calibration factor, f(m,s), can be deduced by substituting equation 7.4.5:2 into equation 
7.4.5:1 and rearranging to obtain equation 7.4.5:4.
A M (m ,s) 7.4.5:4
f(m ,s) = — s—  ----- -------
A] C'(m ,s,x)dx
The water and chloride profiles shown in figure 7.4.4:1, 7.4.4:4 and 7.4.4:6 can be calibrated using 
equation 7.4.5:2. Figures 7.4.5:1, 7.4.5:2, 7.4.5:3, 7.4.5:4, 7.4.5:5 and 7.4.5:6 show water and 
chloride concentrations in OPC, GGBS and PFA samples.
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Figure 7.4.5:1. Concentration of water in a mortar sample made with 
100% OPC cement after ingress of 5 M N aC l (10% D2 O + 90% H 2 O) 
solution for 12 hours.
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Figure 7.4.5:2. Concentration of Cl~ in a mortar sample made with 100% 
OPC cement after ingress of 5 M N aC l (10%) D 2 O + 90% H 2 O) solution 
for 12 hours.
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Figure 7.4.5:3. Concentration of water in a mortar sample made with 
30% OPC and 70% GGBS cements after ingress of 5 M N aC l (10% D2 O 
+ 90%> H2O) solution for 12 hours.
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Figure 7.4.5:4. Concentration of Cl~ in a mortar sample made with 30%> 
OPC and 70%> GGBS cements after ingress of 5 M N aC l (10%) D2 O + 
90%o H2O) solution for 12 hours.
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Figure 7.4.5:5. Concentration of water in a mortar sample made with 
70% OPC and30% PFA cements after ingress of 5 M N aC l (10% D2 O + 
90% H 2O) solution for 12 hours.
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Figure 7.4.5:6. Concentration of Cl~in a mortar sample made with 70% 
OPC and30% PFA cements after ingress of 5 M N aC l (10% D2 O + 90% 
H 2 O) solution for 12 hours.
7.4.6 ASSESSING THE DEGREE OF CHLORIDE BINDING 
IN  THE MORTAR SAMPLES
Using the data shown in figures 7.4.4:1, 7.4.4:4 and 7.4.4:6 it is possible to plot the ratio C F /D 2 O 
counts as a function of distance from the ingress end, for the OPC, GGBS and PFA samples 
respectively. It is assumed, if there is chloride binding then the function of CIVD 2 O against 
distance should be decreasing in the direction of solution ingress. It can be seen from figures 
7.4.6:1, 7.4.6:2 and 7.4.6:3, the ratio CT/D 2 O counts generally decreases along the direction of 
solution ingress for the OPC, GGBS and PFA samples respectively, hence, indicating chloride 
binding. The actual function of C P/D 2O against distance is unknown, but for comparison a 
linear regression is applied to the data for each mortar sample. From the gradient of the linear 
regression, an assessment of the relative chloride binding in the sample can be made. The greater 
the gradient of the linear regression the greater the chloride binding in the sample. The linear 
regressions applied to the OPC, GGBS and PFA samples, indicate there was most chloride 
binding in OPC and the least chloride binding in PFA. It is possible that the rate of solution 
ingress was too fast in the PFA and GGBS samples to allow significant chloride binding. The 
mortar mix protocol and curing conditions favoured the OPC sample more than the GGBS and 
PFA samples. Based on the work presented in Chapter 5, the mix protocol that minimises water 
penetration in the OPC mortar samples were used to make all the samples. The mix protocol 
that minimises water penetration through PFA and GGBS are unknown and may not necessarily 
be the same as that for OPC. A more open pore network resulted in the GGBS and PFA 
samples than the OPC sample, allowing water ingress by sorption to be more efficient in the 
GGBS and PFA samples than in the OPC sample. Pore size distribution and connectivity is a 
major factor for efficacy of chloride binding. There is some evidence for localised chloride 
binding in the GGBS and PFA samples but it does not occur frequently enough to decrease the 
overall chloride ingress. Even though GGBS and PFA samples may contain some chloride 
binding sites, the rate of solution ingress is too high in GGBS and PFA and does not allow 
enough time for extensive chloride binding to occur.
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Figure 7.4.6:1. Chart to show the Chloride binding power of a mortar 
sample made with 100% OPC cement after ingress of 5M NaCl (10 % 
D2O + 90% H2O) solution for 12 hours. The dots represent the ratio of 
C l counts to D2 O counts at each position along the sample. The solid 
line is a linear regression of the data and the value of the gradient is 
- 0.022.
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Figure 7.4.6:2. Chart to show the Chloride binding power of a mortar 
sample made with 30% OPC and 70% GGBS cements after ingress of 
5M NaCl (10 % D2O + 90%> H 2 O) solution for 12 hours. The dots 
represent the ratio of Cl counts to D2 O counts at each position along 
the sample. The solid line is a linear regression of the data and the 
value of the gradient is -0.011.
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Figure 7.4.6:3. Chart to show the Chloride binding power of a mortar 
sample made with 70% OPC and 30% PFA cements after ingress of 5M 
NaCl (10 % D2O + 90% H2 O) solution for 12 hours. The dots represent 
the ratio of Cl' counts to D2 O counts at each position along the sample. 
The solid line is a linear regression of the data and the value of the 
gradient is -0.009.
7.5 CONCLUSIONS
The work presented in this chapter has described an experimental technique using ion beam 
analysis, which allows non-destructive quantitative measurements of water and chloride content 
in cement-mortar. Sensitivity of the technique for measuring chloride is very good. Detection of 
Cl- with concentrations of at least 0.001 g cm-3 is achievable, which corresponds to about 0.05 % 
by mass of mortar. Better sensitivity can be achieved by collecting a greater number of counts, 
which will improve the statistics, although a longer acquisition time may become necessary. The 
technique described is novel because it eliminates the necessity to drill, grind, cut, or polish the 
mortar samples before analysis, hence, minimising contamination. For the first time results have 
been presented to show simultaneously acquired profiles of chloride, water and calcium in 
cement-mortar. Two-dimensional maps showing spatial distribution of chloride and water have 
been produced, demonstrating that it is at present possible to obtain profiles with a resolution of 
~ 0.02 mm. A new accelerator that is due to be installed by year 2002 at the University of Surrey 
should allow ion beam energies of up to 6 MeV, which would result in a beam size of 1 pm. A 
resolution of 1 pm will allow Cl- concentrations to be measured in the region of aggregates.
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Principles for depth resolution have been shown, which can be developed in the future to 
produce 3-D maps, making it possible to characterise water mobility between cement-aggregate 
interfaces. A method that allows the assessment of the amount of chloride binding in 
cementitious materials has also been demonstrated.
The main disadvantage of the technique occurs because the ion beam current fluctuates 
during data acquisition. So far, it has not been possible to accurately measure the ion beam 
current, hence it was necessary to normalise chloride calcium and water counts to RBS, which 
made the data analysis a lengthy and complicated process. A more efficient method will allow 
the ion beam current to be measured directly so that counts can be simply normalised to the 
current. At present it is not possible to use conventional methods to measure the ion beam 
current, using for example a Faraday cage, because the samples are too thick and do not allow the 
ion beam to penetrate through. In future developments of the ion beam facilities it may be 
possible to build an ammeter and insert it into the beam line.
Another disadvantage associated with the technique is that when there is D 2 O present in 
the sample, carrying out PIXE with 3He ions shows a noisy background in the low energy range 
of the PIXE spectrum. Simultaneous measurements of water with Si, Al, Mg and Na is not 
possible, which otherwise would have been. A search for a better X-ray detector, which is not 
effected by protons from the 2D(3He,1p)4a  reaction is required. A further improvement can be 
made to the technique by developing an automatic sample-translating device, which should more 
accurately translate the sample along its length after each segment is scanned. At present, it is 
necessary to translate the sample manually via a knob that is mechanically connected to the 
sample holder, which apart from being laborious and time consuming, can also cause errors due 
to deviations in the distance moved after each segment is scanned.
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CHAPTER 8
SUMMARY OF 
CONCLUSIONS
The two techniques, Nuclear Magnetic Resonance (NMR) and Ion Beam Analysis (IBA) are 
complementary and they can both be applied for investigating cement-mortar. The NMR and 
IBA techniques are both non-destructive and quantitative, which immediately makes their use 
advantageous over other conventional techniques.
The NMR relaxometry and NMR imaging techniques used were non-invasive and hence 
it was possible to acquire time series information from single mortar samples in-situ. The main 
advantage of using NMR to study cement-mortar over other characterisation techniques such as 
mercury intrusion porosimetiy (MIP) and gas adsorption is that NMR does not require drying of 
the material. The different chemical environments of water in the cement-mortar samples were 
identified by their characteristic T2 values, hence, it was possible to distinguish between 
chemically bound water, gel pore water and capillary pore water. NMR can be used for 
quantitatively and simultaneously taking measurements of bound water, gel pore water and 
capillary pore water. It was shown using NMR relaxation analysis water in cement-mortar has a 
continuous distribution of T2 values ranging from 50 ps to 50 ms, which is correlated to a 
continuous distribution of capillary and gel pore sizes.
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The NMR SPRITE technique used, allowed acquisition o f spatially resolved 
measurements o f the water content in cement-mortar samples, hence it was possible to identify 
sedimentation and micro cracking within the sample. The acquisition o f time series SPRITE 
profiles allowed the measurement o f water transport through cement mortar samples. Profiles 
have been acquired using the SPRITE technique, which show the presence o f silane within 
cement-mortar samples. Measurements o f water transport through cement-mortar samples that 
were both treated with hydrophobic silane and untreated were acquired, using the SPRITE 
technique.
Ion beam analysis can be applied for simultaneously profiling calcium, chloride and 
water in cement-mortar. For the first time here, PIXE, NRA and RBS were carried out 
simultaneously and a method was demonstrated, which allows the investigation o f chloride 
binding. The ion beam analysis technique is novel because it eliminates the necessity to drill, 
grind, cut, or polish the mortar samples before analysis, hence, minimising contamination. Two- 
dimensional maps showing spatial distribution o f chloride and water have been produced, 
demonstrating that it is at present possible to obtain profiles with a resolution o f —0.02 mm.
Fluid transport mechanisms through cement-mortar include permeation, sorption and 
diffusion. Studies were done using cement-mortar samples manufactured with an initial free w /c  
ratio ranging from 0.26 to 0.66. The results presented have shown water can penetrate untreated 
cement-mortar, regardless o f the initial free w /c ratio. Penetration of water occurs mainly by 
sorption and vapour diffusion. The rate of water penetration through cement-mortar is mainly 
dependent on the initial free w /c ratio. Out o f the cement-mortar samples studied, it was found 
the sample manufactured with 100% OPC cement and with an initial free w /c  ratio o f 0.46, was 
least penetrable to water. Poor workability in cement-mortar samples with initial free w /c ratio 
values <0.4 leads to poor compaction and micro-cracks, which significantly increases the rate o f  
water penetration. Capillary pores in cement-mortar are never completely blocked and water 
vapour penetrates through all cement-mortar samples even after the water front stops advancing.
Liquid phase hydrophobic silane treatment significantly reduced water penetration 
through the cement-mortar samples with an initial w /c  ratio o f 0.46 and 0.56. On the other 
hand, for the cement-mortar samples with an initial w /c  ratio o f 0.26 and 0.36, silane treatment 
did not significantly reduce water penetration. The results showed water vapour diffuses through 
all mortar samples, even after hydrophobic silane treatment. The application o f hydrophobic 
silane in the vapour phase was described for the first time and the results showed vapour phase 
hydrophobic silane treatment can considerably reduce water penetration through cement-mortar.
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@ECHO OFF
REM-------------------------------------------------------------
REM Alimul Chowdhury 
REM
REM sautol.bat program 
REM
REM This DOS batch file runs a number of SPRITE acquisitions automatically. 
REM It must be run from the C:\AUTO subdirectory and takes one 
REM command line argument as follows 
REM
REM C:\Auto>sautol.bat [Name of data directory] [File with filenames] [Time] 
REM
REM All data will be stored in a directory under the path specified in 
REM [Name of directory].
REM
REM The data are saved with filenames which are obtained from a list of 
REM filenames found in a previously produced text file with name specified 
REM in [File with Filenames]. If [File with Filenames] is specified to be 
REM NAME.TXT then the data file, from each acquisition, is given a name 
REM corresponding to the time in minutes from the start of the sautol.bat 
REM program to the end of each acquisition.
REM
REM Time interval in seconds between each acquisition is specified in 
REM [Time].
REM
REM Example if the command is:- 
REM
REM sautol.bat Test mylist 10 
REM
REM Say the file mylist contained the following lines 
REM
REM first 
REM second 
REM third 
REM
REM This means the files C:\ri\data\Test\afirstSPI,
REM C:\ri\data\Test\asecond.SPI, C:\ri\data\Test\athird.spi,
REM C:\ri\data\Test\afirstPAR, C:\ri\data\test\asecond.PAR,
REM C:\ri\data\test\athird.PAR, C:\ri\data\Test\bfirstSPI,
REM C:\ri\data\test\bsecond.SPI, C:\ri\data\test\bthird.SPI,
REM C:\n\data\Test\bfirstPAR, C:\ri\data\test\bsecond.PAR,
REM and C:\ri\data\test\bthird.PAR, would all be created.
REM
REM
REM
REM------------------------------------------------------------
REM First check if directory specified in [Name of data directory]
REM already exists. If so then give error message.
REM
if exist c:\ri\data\ %1\NUL goto ALREADY 
REM
REM------------------------------------------------------------
REM Now check that a filename has been specified for [File with filenames], 
REM and a value has been specified for [TIME].
REM
if "%2."=="." goto NO_NUMBER 
if " % 3 . g o t o  NCLNUMBER
REM------------------------------------------------------------
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REM Now create all the directory required 
REM
md c:\ri\data\%l 
REM
REM-------------------------------------------------------------
REM
REM
REM-------------------------------------------------------------
REM Delete any old data files 
REM
echo y | del c:\auto\file\*.*
REM-------------------------------------------------------------
REM
REM The next line will create a loop counter called LC1 and set its limit 
REM to a value that should never be reached. The batch file will terminate 
REM when the end of the list file is found.
call \auto\prog\init LC1 999
REM-------------------------------------------------------------
REM If [Filename with Filenames] was NAME.TXT, then the NAME.TXT file 
REM will contain the difference in time as recorded using TimeI.EXE, and 
REM TimeF.exe.
CALL C:\AUTO\TimeI.EXE
:LOOP
REM Backup the current parameter set and copy any application specific 
REM parameters found in .INI files to the directory where the auto versions 
REM of the applications are stored.
REM Get the next name from the list and then check if the end of the list 
REM has been reached. When this happens FN will be set to !
copy c:\ri\par\spi c:\ri\system\params.sav
copy c:\ri\system\params.sav c:\ri\system\params.nmr
copy c:\ri\util\*.ini c:\auto\prog
run c:\ri\set\Autool.exe
run c:\auto\prog\arsprite.exe
CALL C:\AUTO\TimeF.EXE 
CALL C:\AUTO\TimeE.EXE 
call \auto\prog\list %2 %LC1% FN 
IF %FN%==! goto ALLJDONE
copy c:\auto\file\sprite.par c:\ri\data\ %l\a%fii%.par 
copy c:\auto\file\sprite.spi c:\ri\data\%l\a%fii%.spi
call c:\auto\prog\wait %3
REM
REM Now we increment the counter if [Filename with Filenames] was not 
REM NAME.TXT
IF "%2" = =  "NAME.TXT" GOTO LOOP
call \auto\prog\next LC1
REM-------------------------------------------------------------
REM
REM Now go back and do another measurement
GOTO LOOP
:ALL_DONE
d d  *.* >NUL
goto END
REM-------------------------------------------------------------
REM Control comes here if the user does not type a number 
REM
:NO_NUMBER 
Echo OFF 
CLS
Echo---------------------------------------------------------------
Echo ERROR!!! A number must be typed
Echo---------------------------------------------------------------
goto end
REM------------------------------------------------------------
REM Control comes here if the subdirectory given by the user already 
REM exists.
REM
:ALREADY 
Echo OFF 
CLS
Echo---------------------------------------------------------------
Echo ERROR!!! Directory already exists
Echo---------------------------------------------------------------
:END 
@echo off
REM------------------------------------------------------------
REM Restore original parameters.
REM
copy c:\ri\system\params.sav c:\ri\system\params.nmr >NUL
/*A. Chowdhury*/
/* 14/7/99*/
/*This C program records the time at the start of the NMR experiment and records it in a file called 
Initial.txt*/
/*Intial_time*/
#include<stdio.h>
#include <math.h>
#include<time.h>
#include<stddef.h>
#include<locale.h>
#include<dos.h>
mainQ
{
FILE *IT; 
long Intial;
time(&Intial) ; /*This command records the UTC DOS time in a variable called Initial*/
if ((IT = fopen("Intial.txt", "w")) == NULL) { 
printf("cannot open file Intial.txt\n"); 
return 0;
}
fprintf(IT, "%ld", Intial); 
fclose(TI);
printf("The intial UTC time is %ld seconds.\n", Intial); 
return 0;
}
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/*A. Chowdhury*/
/*14/7/99*/
/*This C program records the time at the end of the NMR experiment*/
/*Final_time*/
#include<stdio.h>
#include <math.h>
#include<time.h>
#include<stddef.h>
#include <locale.h>
#include<dos.h>
main()
{
FILE *IT; 
long Final;
time(&Final); /*This command records the UTC DOS time in a variable called Final*/
if ((IT = fopen(" Final.txt", "w")) == NULL) { 
printf("cannot open file Final.txt\n"); 
return 0;
}
fprintf(IT, "%\d", Final); 
fclose(IT);
printf("The final UTC time is %ld seconds.\n", Final); 
return 0;
}
/*A. Chowdhury*/
/*14/7/99*/
/*This C program calculates the elapsed time during the NMR acquisition, based on the information in the 
Initial.txt file and the*/ /*Final.txt file. The elapsed time is recorded in a file called NAME.TXT*/
/*Elapsed time*/
#include<stdio.h>
#include <math.h>
#include<time.h>
#include<stddef.h>
#include <locale.h>
#include<dos.h>
main()
{
FILE *IT;
long Intial, Final, a, b, Elapsed;
if ((IT = fopen("Intial.txt", "r")) == NULL) { 
printf("cannot open file Initial.txt\n"); 
return 0;
}
fscanf(lT, "%ld" , &Intial);
a = Intial;
fclose(TI);
printf("The intial time is %ld seconds.\n" , a);
if ((IT = fopen ("Final.txt", "r")) == NULL) { 
printf("cannot open file Final.txt \n"); 
return 0;
}
fscanf(IT, "%ld" , &Final); 
b = Final; 
fclose(IT);
printf("The final time is %ld seconds.\n" , b);
Elapsed = (b - a)/60 ;
printf("The time you took was %ld minutes.\n" , Elapsed);
if ((IT = fopen("NAME.txt", "w")) == NULL) { 
printf("cannot open file NAME.txt\n"); 
return 0;
}
fprintf(IT, "%ld", Elapsed); 
fclose(IT); 
return 0;
}
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/*A.I. Chowdhury*/
/*ADfrontat.c*/
/*This C program finds water front in NMR profiles*/ 
/*27/3/00*/
#indude <stdio.h>
#define N 256 
#define MAX 4 
#define COLB 4 
#define COLA 1
#define START 0
float numberfN]; 
float dataB[N]; 
float dataA[N]; 
float c;
float baseline[N]; 
int p, i, j, k, 1, a; 
float peakpos, Npeakpos; 
float Npeak, peak; 
float FRAC;
FILE *input;
FILE *outfon;
FILE *outhaf;
FILE *outfif;
float RES;
int ERROR, ERRS, ERRM;
main(argc, argv) 
int argc; 
char *argv[];
{
printf ("\n\nThis program produces three files for water front determination"); 
printf ("\n from NMR SPRITE files. The \"fifth\" file is just front determined"); 
printf ("\n by finding one fifth of the peak. The \"fonnsub\" file is the front"); 
printf ("\n just determined by finding peak*FRAC. The \"fonwsub\" file subtracts"); 
printf ("\n the first file in the argument line (baseline), then determines the peak normalising"); 
printf ("\n peak value and normalising peak location from the second file in the argument") ; 
printf ("\n line. After that it determines the ((Npeak/peak-baseline)*FRAQ to give the") ; 
printf ("\n front position. The peak location is also normalised to take into account object"); 
printf ("\n movement during acquisition.");
printf ("\n\nWhat is the resolution of your images in mm ?") ; 
scanf ("%f" , &RES);
printf ("\n\nWhat is the error in the time value in minutes ?"); 
scanf ("%d" , &ERROR);
printf ("\n\nWhat fraction (FRAC) of the maximum do you want baseline to be ?"); 
scanf ("%f" , &FRAQ ;
ERRS = ERROR*60; 
ERRM = ERROR;
p= 1 ;
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input = stdin ; /  ^ initialize input */
fprintf (stdout, "Time/min ERROR/min ERROR/sec Front Position/mm\n\n") ;
/* repeat until no more arguments */ 
if (argc > 1)
{ /* open file supplied as argument */
if ((input = fopen (argv[l], "r")) == NULL)
{
fprintf (stderr,
"frontat: cannot open %s\n", argv[l]); 
exit (1);
}
}
k=0;
i=o;
i= 0; 
a=0; 
peak=0; 
peakpos = 0;
while ( fscanf(input, "%f&c) != EOF)
{
number[++i] = c ;
if (i == COLA)
{
dataA[++a]=number[COLA];
}
if C» == COLB)
{
dataB [+ ■+ j] =number[COLB]; 
i£(p==l)
{
baseline [j] =number [COLB];
}
k++;
}
if (i == MAX)
{
i=0;
}
}
for (1=0; (1 <= k) ; 1++)
{
if (p!=l && (dataB [1] > peak)) 
{
peak = dataB [1]; 
peakpos = 1;
}
}
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i f (p = = 2 )
{
Npeak = peak; 
Npeakpos = peakpos; 
}
if ((outfon = fopen("fonwsub", "a")) ==NULL)
{ .
printf("cannot open file to output front\n"); 
return 0;
}
if ((outhaf = fopen("fonnsub", "a")) ==NULL)
{ .
printf("cannot open file to output half\n"); 
return 0;
}
if ((outfif = fopen ("fifth", "a")) ==NULL)
{
printf("cannot open file to output fifth\n"); 
return 0;
}
for (1 = (peakpos); (1 <= k) ; 1++)
{
if (p!=l && (((Npeak/peak)*dataB[l])-baseline[l]) <= 
(((Npeak/peak)MataB[l])-baseline[l])*FRAC )
{
fprintf (outfon, "%s %i %i
%f\n", argv[l], ERRM, ERRS, ((dataAp]+(Npeakpos-peakpos))*RES)); 
break;
}
}
for (1 = (peakpos); (I <= k); 1++)
{
if ( dataB[1] <= (peak*FRAQ)
{
fprintf (outhaf, "%s %i %i
%f\n", argv[l], ERRM, ERRS, (dataAp]*RES));
break;
}
}
for (1 = (peakpos); (1 <= k) ; 1++)
{
if ( dataBp] <= (peak/5))
{
fjprintf (outfif, "%s %i %i
%f\n", argv[l], ERRM, ERRS, (dataApfRES));
break;
}
}
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fdose (input); 
fdose (outfon); 
fdose (outfif); 
fdose (outhaf);
argc—; /* decrement argument count */
argv++; /* increment index to array of pointers to arguments */
p++;
} while (argc > 1) ;
}
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